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Sorghum (Sorghum bicolor [L.] Moench) is the world’s fifth most important cereal crop 
and a dietary staple for approximately 500 million people in over 30 countries of the 
Semi-Arid Tropics. Unlike other major cereals such as maize, sorghum becomes much 
less digestible after it is cooked in the presence of water, often providing as little as 20% 
of the available protein to the consumer. Digestibility appears to be under genetic control, 
although the specific details remain unclear. The goals of these studies were to identify 
sorghum cultivars that do not show this large decrease in digestibility after cooking and 
to determine the genetic controls of increased digestibility in a previously identified 
sorghum mutant, P721Q.  
The high lysine sorghum mutant, P721Q, identified 30 years ago, exhibits a 3- to 4-fold 
increase in protein digestibility after cooking as compared to other sorghum cultivars, 
which makes it even more valuable as a food staple. However, this cultivar has a floury 
endosperm type, which is undesirable for storage and for food products. The cause of the 
increased digestibility for P721Q is likely a kafirin (prolamin) mutation. This 
determination was made using bulked segregant analysis for a mapping population for 





This sorghum protein digestibility assay was also utilized to classify an ethyl 
methanesulfonate (EMS) mutant population of sorghum (600 sequenced and 4,000 non-
sequenced individuals) and a sorghum diversity set (53 cultivars). Three highly digestible 
EMS individuals were identified that had a protein digestibility that was equal to or 
exceeded that of P721Q. None of the cultivars in the diversity set were highly digestible. 
These findings and past literature suggest that there is not a naturally occurring sorghum 
cultivar that possesses high protein digestibility. One of the EMS mutants was tested for 
seed hardness and was found to be harder than P721Q. All three highly digestible EMS 











CHAPTER 1. INTRODUCTION 
1.1 Introduction 
Sorghum is a dietary staple for approximately 500 million people who reside in over 30 
countries in the Semi-Arid Tropics (Wang et al, 2014). Sorghum is a desirable crop for 
the hot, dry regions of Africa because it is one of the most drought-tolerant cereal crops 
currently being cultivated (U.S. Grains Council, 2010) and is able to yield well despite 
extreme conditions (Wong et al., 2009). In addition to being drought resistant, unlike 
other cereal crops such as maize, sorghum also has the ability to withstand periods of 
water-logging (Taylor, 2003). Sorghum is a particularly valuable crop for the developing 
nations of Africa in that it has high nitrogen utilization efficiency, and farmers can apply 
low levels of fertilizer, saving them money (Gardner et al., 1994). 
In Africa, sorghum is one of the continent’s most widespread food staples and represents 
a large portion of the total calorie intake in many African countries (Biosorghum.org, 
2010). However, Africa also has some of the most extensive protein-energy malnutrition 
in the world, especially in children under 5 years of age (FAO, 2008, 2009). Under-
nourished children are at risk for growth retardation, diarrhea, infectious diseases and 
diminished mental development (Henley et al., 2010). Sorghum is typically prepared into 





boiling water (Taylor et al., 1997). However, the protein in these porridges becomes less 
digestible upon wet cooking and, therefore, less nutritional. 
1.2 Nutrition 
The digestibility of a food is an indication of the availability of the nutrients for those 
who consume it and as a result, it is a way to measure approximately how nutritious a 
food is (Duodu et al., 2003). The following review focuses specifically on measures of 
digestibility in humans. 
1.2.1 Human Digestibility Studies 
One of the first, and most notable, feeding studies for sorghum involved malnourished 
children in Peru (MacLean et al., 1981). This study reported that the average protein 
digestibility of four gruels from different low tannin sorghum cultivars was 46%. For 
these studies, the protein digestibility of the sorghum was determined by the amount of 
nitrogen absorption from fecal and urine samples. The issues with testing protein 
digestibility in this manner are the difficultly of controlling the diets of the children and 
collecting the samples. Sorghum digestibility is quite low in comparison to similar gruels 
made from white rice (66%), maize (73%) and wheat (81%) (MacLean et al., 1981). Low 
tannin varieties were used because tannin has been shown to reduce the protein 
digestibility of sorghum (Chibber et al., 1980). This feeding study was later questioned 
due to the fact that malnourished children were studied and it was thought that their 
bodies would not be processing the proteins the same way that healthy children would. 





sorghum, assessed the same way as the MacLean study, was still only 55% (Kurien et al., 
1960). 
1.2.2 Digestibility Studies in Rat 
In a feeding study involving rats, sorghum protein was less digestible once cooked in 
comparison to uncooked sorghum (Eggum et al, 1983). These authors found, however, 
that sorghum still had the potential to be very nutritious, largely due to its high values for 
digestible energy. Later studies indicated that rats were not a good model system for 
estimating the digestibility of sorghum in humans because the percent digestibility values 
did not match those determined when the same cultivars were fed to children. This 
discrepancy led to the finding that the best measure of sorghum digestibility in humans is 
to perform an in vitro digestion with pepsin, which simulates closely the digestibility 
values that MacLean measured in children (Mertz et al., 1984). Pepsin was chosen 
because it was considered to be analogous to the human digestive process (Astwood et 
al., 1996). 
1.3 Sorghum In Vitro Digestibility Comparisons 
The same sorghum variety used by MacLean in his feeding study with Peruvian children 
was later evaluated for in vitro pepsin digestibility both before and after cooking (Axtell 
et al., 1981). The results showed that once the sorghum gruel was cooked, it became 
significantly less digestible, which pointed to the fact that the process of cooking the 
sorghum gruel, specifically wet-cooking, resulted in the low digestibility. In vitro pepsin 
digestion was performed on wet-cooked cereals such as maize, wheat, rice, millet and 





raw grains (Mertz et al., 1984). Interestingly, only sorghum showed a large drop in 
digestibility after wet-cooking (Mertz et al., 1984; Ejeta et al., 1987). In a similar study a 
few years later, uncooked sorghum was found to be 80.8% digestible after treatment with 
pepsin, which was fairly comparable to the results for maize (83.4%), barley (93.2%), 
rice (91.1%), and wheat (91.3%) (Hamaker et al., 1987). When the cooked grains were 
digested with pepsin, sorghum showed a significant decrease to 56.3% digested after 
cooking, while the digestibilities of the other grains did not show changes after cooking; 
maize (79.3%), barley (80.2%), rice (82.1%), and wheat (85.9%). In a later study, when 
multiple sorghum cultivars were compared to one another there was no correlation 
between a specific cultivar’s uncooked and cooked digestibility (Nunes et al., 2004). An 
example of this phenomena is the observation that one cultivar in particular was found to 
be the most digestible when it was uncooked, but after being cooked it experienced the 
greatest decrease in digestibility as compared to the other sorghum cultivars in the study.  
1.4 Grain Structure and its Effects on Digestibility 
One potential explanation for differences in sorghum protein digestibility may be 
differences in the structure of the protein bodies found within the endosperm (Oria et al., 
2000). These differences, as well as differences at larger scales (e.g., interactions among 
tissue components or between entire tissues) and their effect on sorghum protein 
digestibility are discussed here.  Sorghum grain consists of three distinct anatomical 
components; on the outside is the pericarp, with the endosperm and the germ regions 





peripheral region, and then vitreous (corneous) and opaque (floury) regions on the inside 
(Figure 1) (Watterson et al., 1993).  
 
Figure 1.1 Sorghum seed anatomy. Picture from sorghum.mobi/append.html 
1.4.1 Pericarp and Germ Effects 
A study investigating the role of seed components found that protein digestibility 
increased slightly in both cooked and uncooked samples when the pericarp and the germ 
were removed from the sorghum seed before processing (Duodu et al., 2002). The 
authors proposed an interaction of the pericarp and germ fragments with the proteins 
(Duodu et al., 2002; Knudsen et al., 1985). Specifically this is thought to involve the 





Consistent with this idea, polyphenols, which are associated with the pericarp, have been 
shown to reduce the digestibility of sorghum grain (Nip & Burns, 1969). 
1.4.2 Cell Wall effect on Protein Digestibility  
The processing of sorghum grain is thought to result in endosperm proteins associating 
with cell wall components and enzymes, and this has been proposed as a possible reason 
for the low digestibility of the processed sorghum (Glennie, 1984). A substantial amount 
of protein was found to be associated with the cell walls of mature sorghum grain. This 
association could be due to direct attachment of the proteins to the carbohydrate moieties 
of the cell wall, specifically, crosslinking between the proteins and cell wall 
hemicellulose (Duodu et al., 2003). Crosslinking interactions are promoted by an 
oxidizing environment, likely caused by cooking the sorghum in the presence of oxygen. 
Consistent with this hypothesis, cooking sorghum in the presence of a reducing agent, 
such as dithiothreitol, improves the digestibility (Hamaker et al., 1987). 
1.5 Kafirins 
Prolamins are a proline-rich class of plant storage proteins; kafirins are the alcohol-
soluble, prolamin protein fraction in sorghum endosperm (Paulis & Wall, 1979) and 
make up 80% of the endosperm protein (Seckinger & Wolf, 1973; Hamaker et al., 1995), 
similar to the zeins in maize (Taylor et al., 1984). As the grain develops, kafirins are 
deposited in the endoplasmic reticulum, eventually budding off as membrane-bound 
protein bodies (Oria et al., 2000). A second class of storage proteins, glutelins, make up 
the remainder of the storage proteins in the sorghum endosperm, and these are found in 





1.5.1 Kafirin Properties 
Three different classes of kafirins have been identified based on their size, structure and 
solubility properties. α-kafirins are the polypeptides that are Mr 23,000 and 25,000 and 
are soluble in 40-90% tert-butyl alcohol plus 2-mercaptoethanol (2-ME). β-kafirins are 
Mr 20,000, 18,000, and 16,000 and are soluble in 10-60% tert-butyl alcohol plus 2-ME. 
γ-kafirins are the polypeptides that are Mr 28,000 and soluble in 10-80% tert-butyl 
alcohol plus 2-ME (Shull et al., 1991). A fourth class of kafirins, δ-kafirin (Mr 14,400), 
was identified later based on sequence similarity to δ-zein (Belton et al., 2006).  
The classes of kafirin also differ in their distribution within the protein body. α-kafirins 
make up 80% of the total kafirin content, are located in the interior of the protein bodies 
and are the light-staining parts of the protein bodies (Shull et al., 1992). β-kafirins and γ-
kafirins are located on the outside of the protein bodies and are darker-staining (Oria, 
Hamaker, & Shull, 1995). A variety of hypotheses have been proposed for why sorghum 
protein digests poorly. Oria et al. (2000) proposed that the protein bodies of sorghum are 
difficult to digest because of this arrangement with the β-kafirins and γ-kafirins on the 
outside of the protein body and the fact that digestion starts at the exterior of the protein 
bodies. Five percent of the amino acids in β-kafirins and seven percent of the amino acids 
in γ-kafirins are cysteine (Shull et al., 1992). This high cysteine concentration makes β 
and γ-kafirins prone to disulfide-bonding, which decreases the overall protein 
digestibility of sorghum (Winn et al., 2009). In contrast, isolated α-kafirins are very 
digestible even after cooking, while isolated β-kafirins and γ-kafirins become less 





the digestibilities of maize and sorghum are caused by γ-kafirins being more hydrophobic 
than γ-zeins, and that hydrophobicity restricts the digestive enzymes from accessing the 
protein bodies (Mertz et al., 1984; Duodu et al 1983). The kafirins also become less 
soluble following cooking (Hamaker et al 1986). This effect is more pronounced in the 
kafirins than in the zeins, attributed to their greater disulfide crosslinking.  
1.5.2 Kafirin Suppression Studies 
Overall, kafirin digestibility is significantly improved after the co-suppression of two 
subclasses of γ-kafirin genes and even further after α-kafirin A1 expression was also 
suppressed (Grootboom et al., 2014). A previous study found that suppression of γ-
kafirin alone was not sufficient to result in an altered protein body shape (Kumar et al., 
2012). However, when production of an α-kafirin was reduced, there was a significant 
change in protein body morphology as well as ~1.6 fold improvement in cooked protein 
digestibility. Similar results were found by another group of researchers who suppressed 
the major kafirin sub-classes, α, γ and δ, which generated cultivars with high protein 
digestibility when cooked (da Silva et al., 2011a). They found that this increased 
digestibility was associated with a floury endosperm type. In another study, da Silva et al 
(2011b) found that suppression of the γ-kafirins, which are rich in cysteine, resulted in 
fewer disulfide-bonded kafirin polymers. The suppression of γ-kafirins did not reduce the 
total kafirin content of the seed because there was compensatory synthesis of other 
kafirins. These transgenic cultivars did not have the highly invaginated protein bodies 
associated with highly digestible sorghum; instead they had an intermediate type of 





digestibility of this cultivar was due to decreased disulfide-bonding between the kafirins. 
This would result in less formation of polymers and greater access of the kafirins to 
proteases. 
1.5.3 Disulfide Bonding of the Kafirins 
Disulfide bonds appear to affect the digestibility of sorghum flour (Axtell et al., 1981a; 
Hamaker et al., 1987). 2-ME added to both uncooked and cooked flour before in vitro 
pepsin digestion results in increased digestibility of both uncooked (11.1% greater) and 
cooked (25.1% greater) sorghum flour, approaching the digestibility of the other cereal 
grains and suggesting most, but not all of the difference may be accounted for by 
disulfide bonding (Hamaker et al., 1987; Rom et al., 1992). Oria et al (1995) proposed 
that when sorghum is cooked, a protease-resistant mesh of disulfide-bonded β and γ-
kafirins forms a shell around the α-kafirins and greatly reduces the digestibility of the 
kafirins as a whole because α-kafirins are the most easily digested and make up 80% of 
the total kafirins in the seed. This disulfide cross-linking begins as the sorghum grain 
develops and matures, becoming progressively less digestible as the β and γ-kafirins 
become more extensively disulfide-bonded (Mazhar & Chandrashekar, 1993; Oria et al., 
1995). Still, once sorghum grain is treated with a reducing agent, it is still not at or above 
the digestibility levels of other cereals, such as maize (Oria et al., 1995). The remaining 
difference may indicate that some of the disulfide bonds in kafirins are inaccessible to the 
reducing agent. In support of this idea, experiments comparing cooked and uncooked 
maize and sorghum flours indicate that sorghum contains more disulfide-bonded protein 






et al., 2002). As a whole, the sorghum protein matrices form a more matted structure 
when cooked compared to maize protein matrices (Ezeogu et al., 2008). 
1.5.4 Protein Bodies 
As mentioned earlier, the kafirin protein bodies are formed in the rough endoplasmic 
reticulum (Taylor et al., 1985).  Uncooked sorghum protein bodies viewed under a 
scanning electron microscope show pitting (Figure 2; Rom et al., 1992). When the protein 
bodies were viewed after cooking, however, they had a smooth outer surface, which 
indicated a change in their structure following cooking. After these protein bodies were 
exposed to digestive enzymes, the uncooked protein bodies became more pitted while the 
cooked samples still showed no pitting. When the cooked samples were then treated with 
a reducing agent, pitting was observed in their protein bodies. This phenomena was also 
observed in germinating samples where the pits in the protein bodies were the places that 
were digested preferentially during germination of the sorghum seed (Taylor et al., 1985). 
Following cooking, the protein body is also thought to be hardened in its interior and 
exterior, making it more difficult to digest based on the reduction in digestibility after 
cooking (Hamaker et al., 1987). This suggests that the structure of the protein body plays 
a role in its digestibility, but the properties of the kafirins themselves are likely to be the 
underlying cause.  
1.6 Polyphenols 
Secondary metabolites also have an impact on protein digestibility. Some of the most 
prominent secondary compounds in sorghum seeds are the polyphenols, produced 






types of polyphenols are phenolic acids, flavonoids and tannins (Hahn et al., 1984). They 
are known to both bind to and precipitate proteins, which contributes to decreased 
digestibility of those proteins (Bravo, 1998). The ability of polyphenols to precipitate 
proteins seems to be due to their ability to be oxidized into quinones, which can then 
form peroxides and create an oxidizing environment (Damodaran, 1996). This would 
result in the polymerization of the proteins and a subsequent decrease in their 
digestibility. When the in vitro pepsin digestibilities of casein and bovine serum albumin 
were evaluated in the presence of sodium phytate (a polyphenol), increased phytate 
resulted in decreased protein digestion (Knuckles et al, 1985). Similarly maize zeins 
show significantly decreased digestion in the presence of phytic acid when exposed to 
proteases from fava bean and fava pea (Carnovale et al., 1988). A malting pretreatment 
on sorghum flour significantly reduced the phytic acid content and improved digestibility 
(Elkhalil et al., 2001). Interestingly, maize flour, which has a much lower concentration 
of anthocyanin derivatives than sorghum, does not show such a drastic decrease in 
digestibility when cooked. (Cholewinski, 2010).  
1.6.1 Tannin 
Tannins are also secondary metabolites that have high concentrations of phenolic 
hydroxyl groups (Oria et al., 2000). High tannin content in sorghum has a negative effect 
on digestibility (Schaffert et al., 1974), and the removal of tannins through dehulling 
(Chibber et al., 1980) or by alkali treatment (Mukuru et al., 1992), leads to an increase in 
the digestibility of flour. Tannins reduce the availability of sorghum proteins to digestive 






proteins (Butler et al., 1984; Nguz et al., 1998). Sorghum grain has a particularly high 
tannin content and a low enough protein concentration that the tannin can bind up nearly 
all of the proteins in the grain (Butler et al., 1984). The γ-kafirins, the class with the 
highest proline content, bind the most condensed tannins (Taylor et al., 2007). However, 
it is worth noting that in a feeding study with chickens, there was not a linear relationship 
between tannin content and digestibility and some sorghum lines that are nearly tannin-
free still have low digestibility (Weaver et al., 1998). When twenty different sorghum 
cultivars with differing amounts of tannins were analyzed, cultivars with similar tannin 
concentrations varied significantly in their digestibilities, suggesting that tannin content is 
not the only factor influencing protein digestibility of sorghum (Elkin et al., 1996).  
1.7 Protein Interactions with Starch 
Protein bodies in the sorghum endosperm are embedded in a protein matrix that also 
surrounds starch granules (Seckinger & Wolf, 1973). When starch gelatinizes, it causes 
structural changes in the surrounding protein matrix that make it more difficult for 
digestive enzymes to access the proteins (Correia et al., 2010). In support of this idea, 
when cooked sorghum flour is treated with alpha-amylase to remove the starch before in 
vitro pepsin digestion, the protein in the flour becomes more highly digestible (Duodu et 
al., 2002). Interestingly, in a study when flour from two different uncooked sorghum 
lines from the same pedigree were digested with pepsin and amylase, there were notable 
differences in their digestibility depending on the order in which the enzymes were added 
(Wong et al., 2009). One cultivar (KS48) was more digestible when treated with pepsin 






reversed. This result suggests that there can be variation in the spatial arrangement 
between starch granules and protein bodies or the ability of the starch in those granules to 
protect protein from digestion.  
1.8 Processing of Sorghum Grain 
Many different processing methods have been utilized to improve the digestibility of 
sorghum grain for human consumption. These include physical as well as chemical 
treatments, some of which are reviewed here. 
1.8.1 Decortication and Extrusion 
A combination of decortication (removing the outer layer of the seed) and extrusion 
(pushing the remaining seed through a small hole) of sorghum grain results in a large 
increase in digestibility when fed to children (81% instead of 46%) (MacLean et al., 
1983). An in vitro study of the effects of decortication and extrusion found a similar 
increase in protein digestibility (18%) when compared to unprocessed grain (Hamaker et 
al., 1994). These authors propose that the increase in digestibility is due to the high heat 
and shearing action of the extrusion process, disrupting the protein bodies and allowing 
easier access of digestive enzymes to the α-kafirins in the interior of the protein bodies, 
which are more easily digested. 
1.8.2 Fermentation 
Fermentation of sorghum grain has also been a heavily studied processing method for 
increasing its digestibility. Fermenting the grain before feeding it to children significantly 






the secondary structure of the proteins in combination with the release of hydrolytic 
enzymes from the fermenting microorganisms (Taylor & Taylor, 2002; Kuo et al 2012). 
The swift drop in pH during fermentation changes the secondary structure of the proteins. 
There is also a reduction in the disulfide-bonding of the kafirins and the overall tannin 
content of the fermented grain, which would contribute to its increased digestibility (Kuo 
et al., 2012; Elkhier & Abd-alraheem, 2011). In vitro digestibility studies indicate that 
fermenting sorghum grain increases the digestibility of the proteins regardless of whether 
the fermentation occurs before or after cooking, suggesting that fermentation is able to 
reverse the negative effects of wet-cooking of the sorghum (Pranoto et al., 2013; Taylor 
& Taylor, 2002).  
1.8.3 Other Processing Methods 
Other processes, such as germinating the grain improve sorghum digestibility due to the 
work of intrinsic enzymes in the grain breaking down endosperm proteins (Taylor et al., 
1985). Interestingly, in contrast to wet cooking, dry heating and popping the sorghum 
grain do not decrease digestibility, suggesting heat alone is not the cause of reduced 
digestibility. Parker et al (1999) have proposed that cell wall fragmentation during the 
popping process allows digestive enzymes to access proteins inside the cell more easily, 
although no independent test of this idea has been reported.  An alternative explanation is 
that dry-heated samples have fewer high molecular weight protein aggregates than wet-
cooked samples (Correia et al., 2010).  This observation suggests that the process of dry-
heating produces less disulfide bonding in proteins than wet-cooking, implying the 






cooking and popping decrease the overall amount of protein that can be extracted from 
these samples, suggesting that the amount of protein extracted from wet-cooked vs 
popped sorghum is not driving the difference in digestibility. Further study found that a 
high pressure treatment applied before or after cooking the sorghum grain also prevented 
the reduction in protein digestibility after wet cooking, leading to the suggestion that high 
pressure might also disrupt disulfide bonds and protein unfolding (Correia et al., 2011). 
Water is important for the mobility of proteins; it is a reasonable assumption that lack of 
water (dry heating) would result in less disulfide bonding of the sorghum proteins. It will 
be more difficult for the proteins to move in such a way that would favor the formation of 
disulfide bonds if there is very little liquid.  
1.9 High Lysine Sorghum and Protein Digestibility 
Cereal grains, including sorghum, have low levels of the essential amino acid lysine. The 
attempt to find high lysine sorghum cultivars was inspired by an earlier discovery of the 
high lysine maize mutant, opaque2 (o2) (Mertz et al., 1964). This maize mutant arose 
from a single gene mutation affecting a transcription factor that decreases synthesis of 
zein proteins, which are deficient in lysine, leading to higher levels of proteins that have a 
high lysine content (Wolf et al., 1969). o2 maize was also found to have smaller protein 
bodies overall. However, o2 mutant kernels have a much softer, more floury texture, 
making them more susceptible to insect and processing damage. As a result, a concerted 
effort to find genetic modifiers (the Quality Protein Maize project) resulted in a vitreous 






P721 Opaque (P721Q) is a chemically-induced sorghum mutant that was identified for its 
higher lysine content (60% more than its unmutagenized progenitor) (Mohan, 1975). 
Similar to the maize o2 mutant, P721Q has a small decrease in kafirin (prolamin) content 
and an increase in proteins that have higher lysine contents (Guiragossian et al., 1978). 
However, this mutant is not the result of losing a transcription factor controlling zein 
content; while all the mutations in this line have not been characterized yet, one of them 
is a mutation in an α-kafirin gene, preventing cleavage of the signal peptide following 
insertion into the endoplasmic reticulum (Wu et al., 2013). The protein bodies in P721Q 
endosperms have an unusual morphology, described below. P721Q was later found to 
have high protein digestibility as well, although whether the increased digestibility is a 
direct result of the kafirin change remains unclear. 
1.9.1 P721Q Endosperm Texture 
Like the maize o2 mutant, P721Q has a softer, floury endosperm (Weaver et al., 1998) 
and produces less protein than that of vitreous endosperm types (Seckinger and Wolf, 
1973). A harder, vitreous grain type is desirable for its insect-resistance, milling and 
storage qualities (Doggett, 1981) as well as for providing food products a more desirable 
texture and quality (Mukuru et al., 1981). Recently, a highly digestible derivative of 
P721Q has been identified that has the high lysine content and increased protein 
digestibility of P721Q, as well as near-normal endosperm hardness, indicating that, in 
this sorghum cultivar, endosperm hardness is not tightly linked to protein digestibility 
(Tesso et al., 2006).  A separate attempt to improve seed quality has involved crossing 






improvement in digestibility (Weaver et al., 1998). Many of the resulting lines had a 
notable increase in protein digestibility, with the uncooked flour having an in vitro 
digestibility of about 85% and the cooked flour having a digestibility of about 80%.  
1.9.2 Protein Bodies 
The protein bodies in P271Q are irregularly shaped when viewed with transmission 
electron microscopy (TEM), with invaginations in the structure instead of the spherical 
shape typical of sorghum (Fig. 1, Oria et al., 2000). Staining with 2% osmium tetroxide 
in 0.05M potassium phosphate buffer (pH 6.8) showed that the γ-kafirins were localized 
in the bottom of these invaginations instead of the even distribution throughout the 
periphery of the protein bodies typically seen in sorghum. The increased digestibility of 
this mutant has been attributed to the much greater surface area of these protein bodies as 
well as the invaginations reaching into the α-kafirins located in the protein body interior, 
perhaps providing digestive enzymes better access to the α-kafirins. In P721Q and its 
derivatives, the α-kafirin is more rapidly and completely digested (90-95% versus the 45-
60% previously), suggesting that it is more exposed to the digestive enzymes (Weaver et 
al., 1998).  
1.9.3 Genes controlling the High Protein Digestibility Trait 
The line P850029 resulted from a cross of P721Q and an unnamed, agronomically 
adapted, elite cultivar (Weaver et al., 1998). This cultivar was then crossed to a third 
cultivar, Sureno for Quantitative Trait Locus (QTL) analysis (Winn et al., 2009). 
Analysis of the P850029 x Sureno cross concluded that the protein digestibility trait is 






and a negative manner, resulting in a highly or poorly digestible cultivar (Winn et al., 
2009). The mapping for this study was done in a derivative of P721Q, which could make 
it more difficult to identify the QTL responsible for the high protein digestibility trait in 
P721Q itself. Wu et al., (2013) later identified a mutation in an α-kafirin that prevents 
cleavage of the signal peptide, and further demonstrated that expression of this mutant 
gene in maize could produce invaginated protein bodies similar to those observed in 
P721Q sorghum.  This observation led them to hypothesize that the high protein 
digestibility trait of P721Q was due to this kafirin mutation, based on its phenotypic 
similarities to the maize o2 mutation that had altered zeins and the assumption (Oria et 
al., 2000) that abnormal protein bodies of P721Q are the reason the cultivar has high 
protein digestibility.  
1.10 Research Objectives 
The overall goal of this research is to determine directly whether the α-kafirin mutation 
or some other gene(s) are responsible for the high protein digestibility trait in the mutant 
sorghum cultivar P721Q. This will be achieved through the use of a mapping population 
from a cross involving P721Q. Improved understanding of the genetic architecture of this 
trait as well as utilization of newly identified EMS mutants, will allow for improvement 







CHAPTER 2.  CLASSIFICATION OF A P721Q MAPPING POPULATION 
2.1 Introduction 
Sorghum is one of the most widespread food staples in Africa (Biosorghum.org, 2010). 
However, when wet-cooked, it experiences a large (~50%) decrease in digestibility. 
Digestibility refers to the availability of the nutrients in a food when it is consumed 
(Duodu et al., 2003). This phenomenon is not observed in other major cereal crops and 
causes sorghum to be less nutritious for those who consume it. Previous work on 
improving the nutritional quality of sorghum led to the discovery of a chemically-induced 
sorghum mutant line, P721 Opaque (P721Q) (Mohan, 1975). P721Q is a high lysine 
mutant and, similar to the maize opaque2 (o2) mutant, it has a small decrease in kafirin 
(prolamin) content and an increase in proteins that have higher lysine content compared 
to the parent line, P721N (Guiragossian et al., 1978). However, P721Q is not the result of 
losing a transcription factor controlling kafirin content. While all of the mutations in this 
line have not been characterized yet, one of them is a mutation in an α-kafirin gene, 
preventing cleavage of the signal peptide following insertion into the endoplasmic 
reticulum (Wu et al., 2013). It was unclear whether the increased digestibility is a direct 
result of this kafirin change. 
The protein bodies in P271Q are unusual in that they are irregularly shaped when viewed 






instead of the spherical shape typical of sorghum (Fig. 1, Oria et al., 2000). The increased 
digestibility of this mutant has been attributed to the increased surface area of these 
protein bodies as well as to the invaginations nearly reaching the α-kafirins located in the 
protein body interior, perhaps providing digestive enzymes better access. Wu et al. 
(2013) later identified a mutation in an α-kafirin gene in P721Q that alters the signal 
peptide cleavage site of the protein, and further demonstrated that expression of this 
mutant gene in maize could produce invaginated protein bodies similar to those observed 
in P721Q sorghum.  This observation led them to hypothesize that the high protein 
digestibility trait of P721Q was due to this kafirin mutation, based on its phenotypic 
similarities to the maize o2 mutation that had altered zeins and the assumption (Oria et 
al., 2000) that abnormal protein bodies of P721Q are the reason the cultivar has high 
protein digestibility.  
The objective of this study was to analyze characteristics of the most and least digestible 
F2 individuals from a P721Q x BTx623 mapping population. The characteristics assessed 
were 1) protein digestibility to identify the most and least digestible individuals, 2) DNA 
sequence to identify the causal QTL, 3) protein body morphology to determine whether it 
is correlated with protein digestibility, and 4) single kernel analysis of hardness and seed 
size to determine whether these characteristics also correlate with the most and least 
digestible individuals. The overall goal was to determine the QTL responsible for the 
high protein digestibility trait in P721Q to be able to incorporate this trait into elite, 






2.2 Materials and Methods 
2.2.1 Identification of the Most and Least Digestible Individuals 
For each F2 plant, three technical replications of the sorghum protein digestibility assay 
were performed. Each replication required two seeds (F2:3 seeds). The resulting data were 
used to calculate a “percent digested” value for each sample. Any individual that looked 
highly digestible was reanalyzed in two additional, technical replications. 
2.2.1.1 P721Q Mapping Population Development 
To create the mapping population, BTx623 was crossed to P721Q during the summer of 
2012 at the Purdue Agronomy Center for Research and Education (ACRE). The resulting 
seeds were planted out the following summer (2013) at ACRE. F1 plants were identified 
by their increased plant height. The successful F1 plants were then self-fertilized to create 
F2 population, which was planted at ACRE in the summer of 2014. Seeds from individual 
the F2 plants (F2:3 seeds) were tested for protein digestibility. 
2.2.1.2 Sorghum Protein Digestibility Assay 
The protein digestibility of each F2 individual in the mapping population was assessed 
using a sorghum protein digestibility assay modified from Weaver et al. (1998). Two 
sorghum seeds (approximately 0.064 grams total) and a ceramic bead were added to 
FastPrep tubes for grinding. 830µL of ddH2O was then added to each sample. The 
samples were ground in the FastPrep-24 (MP Biomedicals) at 6.5 m/s for 60 seconds and 
grinding was repeated six times or until the sample was completely ground to a powder. 
Samples were then placed in a 95 oC rotating oven for 20 minutes to simulate cooking 






the sample was completely resuspended. Then 300µL of each sample was transferred to 
two different wells of a 96-well plate, one sample to be digested and one undigested 
control, and stored at 4oC overnight.  
The next day, 290µL of porcine pepsin solution (30mg/mL in 0.5M KH2PO4 pH 2.0; J.T. 
Baker 2000-3500 U/mg) was added to each well to be digested, 290µL of 0.5M KH2PO4 
pH 2.0 was added to the control samples and then the samples mixed by inverting. 
Samples were then incubated for 60 minutes in a rotating oven at 37 oC. Digestion was 
stopped by adding 200µL 2N NaOH to each well to neutralize the pH. Plates were then 
vortexed for approximately 5 minutes and centrifuged at 3,700 rpm (2,250 x g) for 5 
minutes. Supernatants were then poured off and 500µL of 0.1M KH2PO4 pH 7.0 added to 
each well. The samples were then vortexed until resuspended, centrifuged at 3,700 rpm 
for 5 minutes and the supernatants poured off.  Each sample was washed once with 
500µL of ddH2O, the plates were then vortexed until they were completely resuspended 
and then centrifuged at 3,700 rpm for 5 minutes and the supernatants poured off. Pellets 
were then resuspended in 500µL of extraction buffer (1% SDS (w/v), 0.05% beta-
mercaptoethanol (v/v), 12.5mM sodium tetraborate, pH10.0), the plates sealed and placed 
in a shaking incubator on their sides at 250rpm for one hour at 25 oC. The samples were 
then centrifuged at 3,700 rpm for 10 minutes and 100µL of the supernatant was added to 
each well of a fresh microtiter plate. The microtiter plate was centrifuged at 2,500 rpm 
for 10 minutes to remove debris. Protein remaining in the samples was then precipitated 
using a trichloroacetic acid (TCA) turbidity assay modified from Aboubacar et al. (2003) 
as follows: 20µL of  each supernatant was added to a plate containing 220µL of 11% 






each sample was measured in an EL x 800UV spectrophotometer (BioTek Instruments, 
Inc.).  All samples were blanked against a control sample of 20 µL of the extraction 
buffer added to 220 µL 11% TCA.  
The absorbance data for the digested samples were then compared to the undigested 
samples as a percentage of the sample that was digested ((Undigested - Digested) / 
Undigested *100%). Three technical replications were done for each individual (single 
head) and any highly digestible individuals were rechecked with two more replications. 
To determine the most and least digestible individuals, an ANOVA was performed to 
look at the significance of the factors involved in the assay: individual, a unique plate ID, 
and the row and column of the sample in the 96-well plate. From this test it was 
determined that row was not a significant factor and therefore it was excluded from future 
calculations. A mixed linear model with random effects for the factors individual, column 
and plate was used to estimate BLUPs for each individual. This takes into account all of 
the replications for that individual to give one BLUP value per individual. Percent 
digestibility and the absorbance value of each undigested sample were not randomly 
distributed (they were dependent on one another), therefore, instead of the calculated 
percent digestibility, the absorbance value of the undigested sample minus the absorbance 
value of the digested sample was used.  
The standard deviations among adjusted sample values were used to identify probable 
heterozygotes. Values for each sample were adjusted by calculating column and plate 
effect estimates and adding them to each sample’s difference from the overall mean. 
Unlike standard error, standard deviation among individual lines was minimally 






more replications than others and standard error involves dividing by the number of 
replications. After examining a histogram of the standard deviations for the mapping 
population, a cut-off value was used to exclud any individuals with a standard deviation 
higher than 0.1 on the premise that they are likely to be heterozygous. The remaining 
individuals were then ranked based on the BLUP value to identify the 100 “most 
digestible” and 100 “least digestible” samples for sequencing and microscopy. 
2.2.2 Identification of Causal QTL 
2.2.2.1 DNA Extraction and Sequencing 
The protocol for DNA extraction and sequencing was adapted from Xin & Chen (2012). 
For each of the 100 most digestible and least digestible lines from the F2 mapping 
population, two leaf discs were collected from each of eight plants of that line, pooled 
and frozen at -80oC. Two bulked samples, one of the most and the other of the least 
digestible individuals were created for bulked segregant analysis (Michelmore et al., 
1991). The frozen tissue was ground using a mortar and pestle in liquid nitrogen and 
added to 15 mL of CTAB extraction buffer (2% CTAB, 1.2M NaCl, 20mM EDTA, 
100mM Tris-HCl (pH 8), and 0.1% beta-mercaptoethanol added just prior to use). 
Samples were vortexed for 30 seconds and then incubated at 60oC for one hour, mixing 
every 15 minutes. After the samples were cooled to room temperature, 15 mL of 24:1 
chloroform:isoamyl alcohol was added, the samples mixed and then centrifuged at 3,200 
x g for 12 minutes. The aqueous layer was then transferred to 20mL of dilution buffer 
(100mM Tris pH 8, 20mM EDTA and 2% CTAB) and incubated for 30 minutes at 60oC. 






supernatant discarded. The pellet was washed with 3:7 TE buffer:ethanol, incubated at 
room temperature for 15 minutes, centrifuged for 9 minutes at 3,200 x g and the 
supernatant discarded. Pellets were then re-suspended in a high-salt TE buffer (1M NaCl, 
10mM Tris, and 2mM EDTA) with 50g/mL of RNaseA and incubated for 15 minutes at 
60oC. The NaCl concentration was then diluted to 250mM using TE, and 9mL of ethanol 
was added. This solution was incubated at -80oC for 30 minutes, centrifuged for 12 
minutes at 3,200 x g and the supernatant discarded. The pellet was then washed with 70% 
ethanol, allowed to dry, re-suspended in TE buffer, incubating at 60oC for 15 minutes. 
Prior to sequencing, the samples were evaluated on an agarose gel and assessed with a 
FluorNanodrop (Invitrogen) by the Purdue Genomics Center. As a control, whole plant 
tissue was collected from P721Q plants for sequencing. DNA extraction was completed 
as described above. Prior to sequencing the sample was also run on an agarose gel and 
assessed with a FluorNanodrop for quality control.  
All samples were sequenced on an Illumina HiSeq2500 using high output chemistry and 
libraries constructed using the Illumina TruSeq PCR-free DNA library prep kit. 
2.2.2.2 Bioinformatics 
Following sequencing, the reads were mapped to the version 2.1 BTx623 reference 
genome for sorghum (Paterson et al., 2009). BTx623 is also the parent with normal 
digestibility in this mapping population. The sequencing resulted in about 30x coverage 
on average. 
To identify the causative QTL, rolling means of probable genotype (0=reference, 






of 100 most digestible F2 individuals and the pool of 100 least digestible F2 individuals 
separately. Then the difference between the two rolling means was determined and 
graphed so that a value of 1.0 corresponds to all 21 SNPs being different and a value of 
zero corresponds to all 21 SNPs being the same between the most and least digestible 
individuals. Only the SNPs that were present in the least digestible pool, the most 
digestible pool and the highly digestible parent, P721Q, were used. 
2.2.3 Electron Microscopy of Protein Bodies 
Sample preparation was done by Laurie Mueller at the Purdue Electron Microscopy 
facility following the protocol described in Oria et al. (2000). Sorghum samples were 
grown at ACRE in the summer of 2015 and harvested for microscopy 30 days after half 
bloom. The three most digestible and the three least digestible F2 individuals from the 
mapping population were planted and the resulting seeds were imaged along with the 
controls P721Q, P721N, and BTx623. Samples were imaged using a Philips CM-100 
TEM (FEI Company, Hillsboro, OR) operated at 100kV, spot 3, 200µm condenser 
aperture and 70µm objective aperture. Images were captured at various magnifications on 
a Gatan digital camera. 
2.2.4 Single Kernel Analysis 
The most and least digestible 100 lines from the P721Q mapping population were 
analyzed for kernel characteristics by the USDA Center for Grain and Animal Health at 
Kansas State University, Manhattan KS. The single seed diameter, weight, and hardness 
were determined for each line using a single kernel characterization system 4100 (Perten 
Instruments, Springfield, IL). The methods are as described in Bean et al., 2006 with the 






were used as controls. The seeds for the mapping population were F2:3 seeds grown at 
ACRE in summer 2014. The controls, P721Q and BTx623 were grown in the greenhouse 
in 2015. 
2.2.5 Back Crossing of P721Q with Elite African Cultivars 
To produce useful cultivars that contain the high protein digestibility trait, crosses were 
made in the greenhouse between elite African breeding lines with a vitreous endosperm 
type and P721Q. Successful crosses of N223 x P721Q and P721Q x Macia were 
determined by the increased height and vigor of the F1 plants. The successful F1 
individuals were self-fertilized to produce an F2 generation. Eventually these improved 
cultivars will be distributed through the USAID Sorghum and Millet Innovation Lab 
(SMIL). 
2.3 Results 
2.3.1 Identification of the Most and Least Digestible Individuals 
The total number of F2 individuals assayed was 1061. Figure 2.1 shows the distribution of 
all of the F2 individuals in the mapping population as well as the two parents. DNA from 
the most digestible (100) and the least digestible (100) individuals were pooled and 










Figure 2.1 Distribution of the BLUPs for the mapping population. The locations of the 
100 most and least digestible individuals that were pooled for sequencing are indicated 
on the graph, as well as the location of the two parents of the mapping population. 
 
2.3.2 Identification of Causal QTL 
Using bulked segregant analysis (BSA) mapping for the pools of the most and least 
digestible individuals in the mapping population, a large peak was located on 
chromosome five at about 58Mb (Figure 2.2 and Figure 2.3). There were seventeen 
putative kafirin genes located underneath this peak; Sobic.005G184000, 
Sobic.005G184400, Sobic.005G184600, Sobic.005G184700, Sobic.005G184800, 
Sobic.005G185000, Sobic.005G185400, Sobic.005G185600, Sobic.005G186300, 
Sobic.005G188800, Sobic.005G189000, Sobic.005G192700, Sobic.005G192800, 








Figure 2.2 BSA-seq allelic bias in sorghum SNPs for the whole genome showing a peak 
on chromosome 5 where a region of the genome is biased towards the P721Q allele in the 
highly digestible group. This bias suggests the region was selected for by pooling the 
individuals based on their digestibilities. 
 
 
Figure 2.3 Closer view of the BSA-seq allelic bias in sorghum SNPs for only 







Figure 2.4 BSA-seq allelic bias in sorghum SNPs for the peak on chromosome 5 (close 
up of the region within the red box in figure 2.3). The location of 17 putative kafirin 
genes are shown as red arrows. 
2.3.3 Electron Microscopy of Protein Bodies 
Protein bodies for BTx623, P721Q, P721N, the three most digestible and three least 
digestible individuals of the mapping population were all imaged using transmission 
electron microscopy (Figure 2.5). The most digestible lines from the mapping population 
have invaginated protein bodies like those of P721Q. The least digestible lines from the 
mapping population have normal, spherical protein bodies like those of BTx623 and the 







Figure 2.5 Transmission electron microscopy of sorghum protein bodies for the controls, 
BTx623, P721Q, and P721N (top row); the three most digestible individuals of the 
mapping population (middle row); and the three least digestible individuals of the 
mapping population (last row). 
2.3.4 Single Kernel Analysis 
Seed hardness, weight, and diameter were determined for the most and least digestible 
100 lines of the mapping population as well as for the two parents, P721Q and BTx623 
(Figure 2.6; Table 2.1). The least digestible individuals of the mapping population had 
harder seeds than the most digestible individuals of the mapping population as well as 
P721Q, but not as hard as the other parent line, BTx623. The most digestible individuals 






lighter seeds than the least digestible individuals and BTx623. The least digestible 
individuals of the mapping population also had smaller seeds than BTx623, but were not 
significantly lighter in weight. Two of the most digestible lines, 305 and 976, did not 
have enough seed to be assessed. Among the least digestible 100 lines, lines 931 and 937 
did not produce enough seed to be assessed. The complete results for each line can be 
found in appendix C. 
 
 
Figure 2.6 Single kernel analysis means for hardness with the standard errors represented 
by error bars. The letters above the bars of the graph indicate values that are significantly 









Table 2.1 Single kernel analysis means for weight and diameter with the standard errors 
in parentheses. The letters to the right of the values indicate values that are significantly 
different than one another at the p < 0.05 level using a two sample t-test. 
Sample ID Weight (mg) Diameter (mm) 
Least Digestible 
of Mapping Pop 
25.08 ± 0.40 a 2.25 ± 0.02 a 
Most Digestible 
of Mapping Pop 
23.89 ± 0.28 b 2.19 ± 0.01 b 
P721Q 24.54 ± 0.05 ab 2.28 ± 0.01 ab 
BTx623 26.74 ± 1.04 ab 2.50 ± 0.03 c 
 
2.4 Discussion 
The objectives of these studies were to characterize the segregating F2 mapping 
population for P721Q, as well as to determine the causative QTL for the high protein 
digestibility trait in this line. This knowledge can be used in the future to improve elite 
African sorghum cultivars for human consumption. 
Single kernel analysis revealed that the least digestible individuals in the mapping 
population had seeds that were harder, heavier, and larger than the most digestible 
individuals. A harder endosperm trait is desirable for insect-resistance, milling and 
storage qualities (Doggett, 1981), as well as for providing food products a more desirable 
texture and quality (Mukuru et al., 1981).  
The most digestible individuals were not significantly different than P721Q in their 
hardness, weight, and diameter. The hardness results for P721Q were consistent with the 
previous knowledge that P721Q is known to have a softer, floury endosperm type 
(Weaver et al., 1998). These results suggest that the high protein digestibility trait co-






easier to be digested by enzymes. However, a highly digestible derivative of P721Q has 
been identified that has high lysine content and increased protein digestibility like 
P721Q, but also has a near-normal endosperm hardness (Tesso et al, 2006). This indicates 
that in this sorghum cultivar, there are genetic modifiers that can impact hardness, but not 
digestibility.  
There are seventeen putative kafirin genes located under the peak on chromosome five 
(Figure 2.4). This indicates that it is likely to be a mutant kafirin gene that contributes to 
increased digestibility of P721Q, and supports the results found by Wu et al. (2013). 
When the aberrant kafirin sequence found by these authors was compared to the sorghum 
genome using the Basic Local Alignment Search Tool (BLAST) (Altschul S.F., 1990), 
the best matches were the kafirin genes located on chromosome five. The most digestible 
individuals also had the invaginated protein bodies that were described in Oria et al. 
(2000) indicating that the mutation that causes the high digestibility trait is also linked to 
the abnormal protein body structure. This further supports the conclusion reached by Wu 
et al. (2013) that a mutated kafirin, linked to the invaginated protein bodies and the 
increased lysine content, is also responsible for the high protein digestibility trait in the 
line P721Q. These highly invaginated protein bodies have an increased surface area and 
invaginations that extend into the alpha-kafirins at the center of the sorghum protein 
bodies (Oria et al., 2000). This increased surface area would make it easier for digestive 
enzymes to access the alpha-kafirin at the center of the protein bodies as compared to the 
normal, spherical protein body structure.  
Another QTL mapping study with a derivative of P721Q found a QTL on chromosome 






recombinant inbred lines from a cross between a highly digestible derivative of P721Q, 
P850029, and a wild type line, Sureno. Winn et al. used simple sequence repeat (SSR) 
markers for their QTL mapping. In the study presented here, no QTL peak was found on 
chromosome one. The differences in the results found by these two studies could be 
attributed to the use of SSRs by Winn et al. (2009) and the reduced marker density that 
would have afforded them, as well as their use of a derivative of P721Q instead of P721Q 
itself for their mapping population. 
Further analysis will need to be completed to determine precisely which kafirin, or other 
gene, contains the mutation responsible for the high protein digestibility trait in the line 
P721Q. This could include single molecule sequencing through this region or mutating 
the genes that are present under the peak on chromosome five one at a time, and then 
measuring the resulting digestibility to establish a causative relationship. 
Using a mapping population generated from a cross between a line with normal protein 
digestibility, BTx623, and a line with high protein digestibility, P721Q, we were able to 
map the causative QTL to a single, small region on chromosome five of sorghum. The 
major genes in this region are kafirins, which supports the previously published 
suggestion (Wu et al., 2013) that a kafirin mutation causes the high protein digestibility 
trait in the sorghum line, P721Q, as well as its increased lysine content and floury texture. 
The presence of abnormal protein bodies in the most digestible individuals of the 
mapping population also supports this conclusion. A greater understanding of this trait 
allows for focused efforts for the nutritional improvement of sorghum, which can be 
utilized by African farmers to help alleviate protein deficiencies in areas that rely on 







CHAPTER 3. PROTEIN DIGESTIBLITY ANAYLSIS OF A SORGHUM 
DIVERSITY SET AND MUTANT POPULATION 
3.1 Introduction 
Digestibility, the availability of nutrients from a food source, presents a major 
challenge for sorghum, especially in many African countries where it represents a 
large portion of the total calorie intake (Biosorghum.org, 2010). When wet-cooked, 
sorghum shows a large decrease in digestibility becoming less nutritious for those 
who consume it. Two of the prevailing ideas for factors that negatively impact 
sorghum protein digestibility are the presence of tannins in the seed and disulfide 
bonding of the prolamin seed storage proteins, the kafirins. 
Tannins are secondary metabolites that have high concentrations of phenolic hydroxyl 
groups (Oria et al., 2000). High tannin content in sorghum has a negative effect on 
digestibility (Schaffert et al., 1974) and the removal of tannins through dehulling 
(Chibber et al., 1980) or by alkali treatment (Mukuru et al., 1992) leads to an increase 
in the digestibility of flour. However, when twenty different sorghum cultivars with 
differing amounts of tannins were analyzed, cultivars with similar tannin 
concentrations varied significantly in their digestibilities, suggesting that tannin 








Disulfide bonds among the kafirins also appear to affect the digestibility of sorghum 
flour (Axtell et al., 1981a; Hamaker et al., 1987). Oria et al. (1995) proposed that 
when sorghum is cooked, a protease-resistant matrix of disulfide-bonded β- and γ-
kafirins forms a shell around the α-kafirins and greatly reduces the digestibility of the 
kafirins as a whole. α-kafirins are the most easily digested and make up 80% of the 
total kafirins in the seed. This disulfide cross-linking begins as the sorghum grain 
develops and matures, becoming progressively less digestible as the β- and γ-kafirins 
become more extensively disulfide-bonded (Mazhar & Chandrashekar, 1993). 
Consistent with that idea, the digestibility of sorghum grain treated with the reducing 
agent dithiothreitol improves, but it is still not at or above the digestibility levels of 
other cereals such as maize, suggesting that disulfide bonds are not the only inhibitors 
of digestibility (Oria et al., 1995).  
The objectives of the studies described here were to assess natural and induced 
genetic variation of sorghum protein digestibility. I used the sorghum protein 
digestibility assay described in section 2.2.1.2 to analyze three groups of sorghum 
cultivars/lines: 1) An EMS mutant population that included 565 genome resequenced 
lines and 3,443 non-sequenced lines, 2) 30 diverse inbreds and landraces selected at 
Purdue and 3) 22 additional inbreds and landraces selected and sequenced in 
Australia (Mace et al., 2013). The overall goal is to determine if genes other than 
those responsible for increased digestibility in P721Q contribute to increased protein 
digestibility in sorghum. This knowledge can be used in the future to improve elite 







3.2 Materials and Methods 
3.2.1 EMS Mutant Sorghum Population 
An EMS mutant population of sorghum was developed at Purdue University in 2009. 
Three samples of 0.5 kg of BTx623 seeds were treated with 25mM, 35mM and 45 
mM EMS, respectively for 8 hours at 20°C, then washed, and planted at the Purdue 
Agronomy Center for Research and Education (ACRE). Seed set for all three 
treatments was sufficient to harvest heads with >50 seeds from most plants, therefore 
the population arising from 45mM EMS treatment was used. Approximately 12,000 
mutagenized plants were harvested, these individuals were then threshed and 40 M1 
seed from each individual were planted and self-pollinated. The tenth individual in 
each plot was self-fertilized to create an M2 over the next two years. In 2012, 4,800 
M2 lines were planted and five plants per plot were self-fertilized for each, generating 
M3 seeds. For ~565 of these M3 EMS lines, tissue of a greenhouse-grown plant was 
collected for DNA and the sampled plant self-fertilized to create M4 seed. The M3 
genome was resequenced to ~7X coverage. In addition, M3 seeds of these 565 
sequenced lines were tested with our sorghum protein digestibility assay (see Chapter 
2). M3 seed from 3,443 individuals that were not resequenced were also screened with 
the digestibility assay separately. 
DNA extraction was performed as described in Krothapalli et al., (2013). Following 
extraction, samples were sent to the Purdue University Genomics Core Facility and 
sequenced with the Illumina HiScanSQ instrument (Illumina, San Diego). After 
trimming, reads were mapped to version 2.1 of the BTx623 reference genome 







where the sequence reads had a base-calling quality of at least 20 (Li and Durbin, 
2009). SNPs were considered further only if they were homozygous, had a coverage 
depth of 2-100, and were not detected in multiple individuals at the same position. 
Gene function impact scores for the SNPs were determined with snpEff software 
(Cingolani et al., 2012). 
3.2.2 Thirty Purdue Diversity Lines 
Thirty, diverse, inbred lines of sorghum were sequenced to ~20X coverage (Table 
3.1). The lines were chosen because they exhibited traits of interest for the 
improvement of sorghum as a crop in Africa, they display some element of 
agronomic superiority such as Striga resistance and they are not part of the set 
sequenced by Mace et al. (see below). These lines were also screened with the 
sorghum protein digestibility assay. For each cultivar, seeds were produced from 
plants grown at ACRE in 2014. 
3.2.3 Mace Diversity Set 
Whole genome sequencing was completed by Mace et al., (2013) for 44 sorghum 
lines, which are representative of the natural diversity of sorghum. Of these lines, 21 
are publicly available from the Germplasm Resources Information Network (GRIN). 
Seeds for two additional cultivars in the Mace study, Macia and BTx623, were 
obtained from Mitch Tuinstra at Purdue. These 23 cultivars were tested with the 










Table 3.1 Thirty Purdue diversity lines with comments describing the qualities and 
locations of origin. 
Pedigree Comments 
Tx430 Elite yellow seed male  
Tx2752 Elite red seed female 
Tx631 Elite food-grade female 
TxARG1   Elite food-grade female 
Tx436  Elite food-grade male 
B N223 Elite food-grade female – Niger 
Kuyuma Food-grade – Zambia 
Sepon82 Food-grade – Niger 
SK 5912 Short Kaura  Food-type – Nigeria 
Ajabsido Drought tolerance – Sudan 
CE-151-262-A1 Food-grade – Senegal 
CSM-63  Guinea – Mali 
Mota Maradi Preflowering drought tolerance – Niger 
Koro Kollo Preflowering drought tolerance – Sudan 
Feterita Gishesh Preflowering drought tolerance – Sudan 
Segeolane Preflowering drought tolerance – Botswana 
SC35  Postflowering drought tolerance – East Africa 
PI609567  Erect-head dhurra – N. Mali 
MR732 Elite food-grade male – Niger 
Wassa Food-grade guinea – Mali 
Seguetana Food-grade guinea – Mali 
El Mota - S241  Preflowering drought tolerance – Niger 
Honey Drip Sweet 
Theis Sweet 
SC599 Postflowering drought tolerance – Converted Rio 
Framida Striga resistant – Burkina faso 
ICSV1049 Striga resistant – Burkina faso 
Sariaso 14 Striga resistant – LGS – Burkina Faso 
Grinkan Food Grade Guinea – Mali 











Table 3.2 Twenty-three cultivars studied by Mace et al. (2013) used in this study with 
comments describing the types and the locations of origin. 
Cultivar Comments 
B35 Complex (durra) - Ethiopia 
ICSV745 Complex - India breeding program 
IS9710 Caudatum - Sudan 
KS115 Durra-caudatum - USA breeding program 
Macia Complex (caudatum) - Mozambique 
Malisor 84-7 Complex - Mali 
PI525695  Margaritiferum - Mali 
PI563516  Durra-caudatum - Mali 
PI330272 ssp. drummondii - Ethiopia 
SC103-14E Guinea-caudatum - South Africa 
SC108C Caudatum - Ethiopia 
SC23 Durra - Ethiopia 
SC237-14E Caudatum - Sudan 
SC326-6 Caudatum-bicolor - USA/Ethiopia 
SC35C Durra - Ethiopia 
SC56-14E Caudatum-nigricans - Sudan 
SC62C Complex - Kenya 
PI586430 Margaritiferum - Sierra Leone 
PI300119 subsp. verticilliflorum - South Africa 
PI226096 Bicolor - Kenya 
PI585749 Durra (durra-bicolor) - Mali 
Keller USA breeding program 
BTx623 Complex - USA breeding program 
 
3.2.4 Sorghum Protein Digestibility Assay 
The protein digestibility of the diversity sets and the EMS mutant population was 
assessed using the sorghum protein digestibility assay described in section 2.2.1.2. 
Three technical replicates were assayed for each cultivar of the diversity sets and for 
each line of the sequenced EMS set. Each replication was completed on a separate 







only one sample per line was assayed initially to detect any highly digestible 
individuals. Any putative high digestibility lines were then confirmed by performing 
four additional replications of the sorghum digestibility assay on that line. 
3.2.5 Sequence Analysis of Highly Digestible EMS Mutants 
To sequence the highly digestible non-sequenced EMS lines, whole plant tissue, 
excluding roots, was collected from M3 SbEMS1227 and SbEMS3324 plants. DNA 
extraction was completed using the protocol described in section 2.2.2.1.  
Prior to sequencing, the sample was run on an agarose gel and assessed with a 
FluorNanodrop for quality control by the Genomic Center at Purdue. These samples 
were sequenced on an Illumina HiSeq2500 using high output chemistry using 
libraries constructed using the Illumina TruSeq PCR-free DNA library prep kit. 
Following sequencing, reads were mapped to the BTx623 sorghum reference genome 
(v. 2.1) (Paterson et al., 2009). 
3.2.6 Single Kernel Analysis of Hardness, Diameter and Weight 
Seeds for the M4 generation of SbEMS1613 (grown at ACRE in summer 2014) and 
for P721Q and BTx623 (grown in the greenhouse in 2015), were analyzed by the 
USDA Center for Grain and Animal Health at Kansas State University. The single 
seed diameter, weight, and hardness were determined for this line using a single 
kernel characterization system 4100 (Perten Instruments, Springfield, IL). The 
methods are as described by Bean et al. (2006) with the exception that 50 kernels 







3.2.7 Crosses with EMS Mutants 
The highly digestible individual, SbEMS1613, was crossed with N223, Macia, 
Wassa, Ce-151-262-A1, MR732 and Sepon82 for germplasm development (see 
Tables 3.1 and 3.2). SbEMS1613 was also crossed with a bmr6 mutant of BTx623 for 
co-segregation studies. The F1 plants from these crosses will be self-fertilized and the 
F2 population phenotyped for protein digestibility to select and analyze highly 
digestible individuals. 
The highly digestible individual, SbEMS1227, was crossed with a brown midrib, 
dhurrinase-deficient mutant line SbEMS932 for co-segregation studies, as well as 
with the elite African cultivar N223. SbEMS1227 was also crossed to SbEMS1613 
for complementation studies. The SbEMS3324 mutant has not yet been crossed as of 
this writing because it was only identified very recently, but will undergo the same 
co-segregation studies. 
3.3 Results 
3.3.1 Identification of High Protein Digestibility EMS Mutants 
565 sequenced EMS mutants were evaluated for protein digestibility (Appendix A). 
Figure 3.1 shows a bar graph with the digestibility means for the sequenced EMS 
mutants and controls. Individual SbEMS1613 was identified as highly digestible. All 
of the generations of SbEMS1613 were then evaluated with the sorghum protein 
digestibility assay. M2 seed was found to have normal digestibility (the same as the 
BTx623 progenitor), but the M3, M4 and M5 generations were found to be highly 
digestible. The simplest interpretation of these results is that the mutation is likely 







BTx623, as shown in figures 3.2 and 3.3. This seed phenotype is observed when 
SbEMS1613 is used as the female parent in a cross to Macia as well as to BTx623, 
but when used as the male parent, the seed are the same as BTx623, indicating that 
this seed phenotype is a maternal trait. 
The list of the SNP mutations in SbEMS1613 was then evaluated in an effort to 
identify mutations that could have an effect on protein digestibility in this line. The 
list was first narrowed using RNAseq data from Davidson et al., (2012) by removing 
genes that were not expressed in the seed or were only expressed at a very low level, 
but not a transcription factor. Mutations were analyzed using Sorting Intolerated 
From Tolerated (SIFT) software (Proweb Group). The genes that had a “tolerated” 
SIFT effect mutation were also removed, leaving only missense alleles predicted to 
be deleterious, splice site alterations or nonsense mutations. None of the mutations in 
SbEMS1613 were determined to be within known or predicted kafirin genes. The 
narrowed list of SNP mutations for SbEMS1613 can be found in appendix B. 
3,443 non-sequenced EMS mutants were also evaluated using the sorghum protein 
digestibility assay. Two high protein digestibility mutants were identified, 
SbEMS1227 and SbEMS3324. These two lines have been sequenced, but data 








Figure 3.1 Average digestibility values for EMS lines SbEMS1613, SbEMS3324 and 
SbEMS1227 compared to all other sequenced EMS mutants and the high (P721Q) 
and low (BTx623) controls with the standard errors for the error bars. The letters 
above the bars of the graph indicate values that are significantly different than one 








Figure 3.2 Photograph of the seeds for multiple generations of SbEMS1613 as well as 
the parent line, BTx623 showing the small, green seeds of the M3 through M5 
generations of SbEMS1613. 
 
 
Figure 3.3 Photograph of the seeds for the M6 generation of SbEMS1613 as well as 
the parent line, BTx623 showing the small, green seeds of the EMS line. 
 
3.3.2 Seed Hardness, Weight, and Diameter of SbEMS1613 
Seed hardness, weight, and diameter were compared for the highly digestible 
SbEMS1613 (grown at ACRE in 2014), as well as for P721Q and BTx623 controls 







SbEMS1227 and SbEMS3324, have not yet produced enough seed to be assessed. In 
addition, samples of SbEMS1613, BTx623, P721Q and the parent line for P721Q, 
P721N, all grown at ACRE in 2015 and thus more comparable, were also analyzed. 
 
Figure 3.4 Single kernel analysis means for hardness (a unitless measure) with the 
standard errors for the error bars showing the highly digestible line, SbEMS1613, 
compared to the most and least digestible lines of the mapping population as well as 
the two controls. The letters above the bars of the graph indicate values that are 
















Table 3.3 Single kernel analysis means for weight and diameter with the standard 
errors in parentheses showing the highly digestible line SbEMS1613 compared to the 
most and least digestible lines of the mapping population (Chapter 2) as well as 
P721Q and BTx623. SbEMS1613 and the least and most digestible individuals of the 
mapping population were grown at the Purdue research farm in 2014. P721Q and 
BTx623 were grown in a greenhouse in 2015. The letters to the right of the values 
indicate values that are significantly different than one another at the p < 0.05 level 
using a two sample t-test. 
Sample ID Weight (mg) Diameter (mm) 
SbEMS1613 17.68 ± 0.05  a 1.98 ± 0.00  a 
Least Digestible 
of Mapping Pop 
25.08 ± 0.40  b 2.25 ± 0.02  b 
Most Digestible 
of Mapping Pop 
23.89 ± 0.28  c 2.19 ± 0.01  c 
P721Q 24.54 ± 0.05  bc 2.28 ± 0.01  bc 
BTx623 26.74 ± 1.04  bc 2.50 ± 0.03  d 
 
Table 3.4 Single kernel analysis means for hardness, weight, and diameter with the 
standard errors in parentheses showing the highly digestible line, SbEMS1613, 
compared to the two controls, P721Q and BTx623 as well as to the parent line for 
P721Q, which is P721N. All grown at the Purdue research farm in 2015. The letters 
to the right of the values indicate values that are significantly different than one 
another at the p < 0.05 level using a two sample t-test. 
Sample ID Hardness Weight (mg) Diameter (mm) 
SbEMS1613 50.88 ± 3.36 a 17.95 ± 0.15  a 2.04 ± 0.01  a 
P721Q 15.46 ± 1.80 b 25.80 ± 0.14  b 2.29 ± 0.01  b 
P721N 71.52 ± 0.86 c 36.00 ± 0.20  c 2.71 ± 0.01  c 
BTx623 76.80 ± 0.53 d 27.70 ± 0.40  d 2.47 ± 0.01  d 
 
3.3.3 Classification of Protein Digestibility for the Diversity Set 
Figure 3.5 displays the average digestibility for all of the individuals in the diversity 
set. Summary tables for the 30 cultivars in the Purdue diversity set and the Mace 
diversity set can be found in tables 3.5 and 3.6 respectively. Some of the individuals 







digestibility assay because their seed size was either too small or too large to be 
properly ground and assessed with the sorghum protein digestibility assay.  
 
Figure 3.5 Distribution of the digestibilities for all individuals in the combined 




















Table 3.5 Data for the 30 cultivars in the Purdue diversity set that were tested with the 
sorghum protein digestibility assay. Dashes indicate missing data. The average 














Table 3.6 Data for the Mace diversity set cultivars that were tested with the sorghum 
protein digestibility assay. Dashes indicate missing data. PI330272 was not evaluated 
because the seeds from GRIN were treated with an insecticide. The average percent 
digestibility for P721Q for the diversity set was 32.67 and for BTx623 it was 11.94. 
 
3.4 Discussion 
The objective of this study was to assess both the natural and the induced variation of 
sorghum protein digestibility. The overall goal was to determine if genes other than 
those responsible for high digestibility in P721Q can contribute to increased protein 
digestibility in sorghum. This knowledge can be used in the future to improve elite 
African sorghum cultivars for human consumption. 
None of the individuals in either the 30 cultivars in the Purdue diversity set or the 23 
cultivars from the Mace diversity set were as highly digestible as P721Q (Figure 3.5). 







Nevertheless, there was some variability in the digestibility of the cultivars that were 
assayed. Some of the individuals in the diversity set have yet to be evaluated with our 
digestibility assay because their seeds were either too small and did not provide 
enough protein or were too large to be accommodated by the amount of pepsin, 
extraction buffer or TCA in the protocol. To adjust for the deficit in the amount of 
material, four seeds could be ground instead of two, but this result would be difficult 
to compare to the values generated by grinding only two seeds. The presence of more 
pericarp material relative to endosperm in these smaller seeds is also likely to 
negatively affect the digestibility of this sample; removal of the pericarp has been 
shown to result in a slightly higher digestibility value (Duodu et al., 2002). To adjust 
for the excess of material for the seeds that are too large, one seed could be ground 
instead of two, but again, this result would be difficult to compare to the other values. 
Cultivars with very large seeds have more endosperm relative to pericarp than seeds 
of a more standard size that could result in increased digestibility (Duodu et al., 
2002). 
One individual (SbEMS1613) in the sequenced EMS set was found to be highly 
digestible. Of the 3,443 non-sequenced EMS individuals successfully assayed for 
protein digestibility with the protein digestibility assay, two additional individuals 
(SbEMS1227 and SbEMS3324) were found to be highly digestible. These three EMS 
individuals had a digestibility value similar to the high control, P721Q (figure 3.1), ~ 
3.5-fold improvement in protein digestibility following cooking. Previous work with 
suppression of alpha kafirins had only shown ~1.6 fold improvement in digestibility 







kafirin/prolamin gene, the causative mutation for P721Q; however, the repetitive 
nature of the kafirin gene cluster makes it hard to assign specific mutations to specific 
genes. Some of the mutations in SbEMS1613 were in oxidases or oxidoreductases, 
which would likely affect the oxidative environment of the seed. This could result in 
decreased disulfide bonding of the kafirins because disulfide bond formation requires 
and oxidant. A decrease in the disulfide bonding of the kafirins would result in 
increased protein digestibility for this line (Hamaker et al., 1987).  
Seeds of the highly digestible EMS mutant line, SbEMS1613, were also assessed for 
seed hardness, weight, and diameter (single kernel analysis). The seeds for line 
SbEMS1613 were found to be lighter and smaller than the two controls, P721Q and 
BTx623, as well as the individuals in the mapping population. Fully mature seeds for 
SbEMS1613 were smaller and greener than BTx623 seeds. The hardness for 
SbEMS1613 was found to be similar to that of the least digestible individuals in the 
P721Q x BTx623 mapping population, which makes it harder than both the highly 
digestible P721Q and the most digestible individuals of the mapping population. This 
trait is valuable because a harder endosperm trait is more insect-resistant, and 
provides superior milling and storage qualities (Doggett, 1981), as well as providing 
food products a more desirable texture and quality (Mukuru et al., 1981). 
SbEMS1613 confirms that a cultivar does not have to have a soft endosperm type to 
have high protein digestibility (Tesso et al., 2006). The small seed size of 
SbEMS1613 as compared to the controls, P721Q, P721N and BTx623, is a 
disadvantage for this line; however, this line also has many other EMS mutations that 







digestibility are not necessarily linked, and this linkage can be tested, for example by 
crossing to an elite African cultivar, which would also clean up the background 
mutations of the EMS line. Seed hardness was also assessed for SbEMS1613, 
BTx623, P721Q, and P721N, all grown in the same field in 2015. Once again, the 
same relationship is present; SbEMS1613 seeds are harder than those of P721Q, but 
not as hard as BTx623 or P721N. 
The three highly digestible EMS mutant individuals found in this study should be 
further analyzed to determine the mutation responsible for the high protein 
digestibility trait in each of these lines. This level of protein digestibility is 
comparable to other crops such as maize, which makes sorghum competitive with 
those crops. Continued crossing with these EMS lines should also be performed to 
integrate the high protein digestibility trait from these EMS lines into elite African 
germplasm. This improved material can be distributed and utilized by farmers in 
Africa to increase the quality of their food by making the proteins in their sorghum 
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1 8.89 2.03  329 3.44 1.87 
2 13.43 4.43  393 8.17 4.73 
5 6.45 1.09  394 3.80 0.73 
6 5.83 1.83  396 2.56 2.28 
7 3.76 1.79  397 6.17 0.45 
8 4.51 0.85  398 6.47 2.38 
56 5.32 1.83  437 13.82 14.31 
58 11.83 0.72  453 5.79 4.23 
59 5.03 1.98  454 5.53 2.19 
60 8.32 3.51  456 5.12 3.46 
61 6.67 5.68  457 8.95 0.97 
62 8.08 4.05  459 3.68 1.75 
64 5.39 3.21  460 2.15 1.74 
116 12.58 2.25  509 7.60 3.16 
118 5.48 2.62  511 14.43 4.24 
120 9.54 2.68  512 6.86 5.69 
121 8.53 2.25  514 5.53 2.98 
122 10.54 3.79  516 6.64 7.02 
123 9.62 1.18  536 7.47 5.53 
124 6.74 2.68  538 4.02 4.76 
176 12.03 1.89  542 9.61 2.12 
178 9.33 2.61  545 5.20 1.24 
179 12.12 1.23  561 10.58 2.95 
180 10.18 3.53  568 10.13 4.57 
181 7.75 2.19  571 9.05 4.51 
182 6.00 3.08  575 12.88 1.96 
251 8.00 2.28  576 8.80 3.86 
256 14.29 0.80  577 13.90 3.75 
257 9.38 1.84  579 9.20 5.13 
258 6.68 1.99  580 5.16 1.32 
261 4.80 3.28  588 8.06 4.76 
262 10.43 1.70  589 8.63 2.36 
316 3.93 2.83  596 9.65 0.90 
321 4.79 1.37  623 16.40 19.55 



















630 5.73 2.65  881 4.86 4.63 
640 7.22 1.42  882 4.88 0.72 
641 8.01 2.19  883 12.68 2.96 
643 4.57 3.87  885 6.36 0.94 
644 3.72 0.78  889 6.74 1.80 
646 4.91 1.14  931 9.63 1.52 
647 5.06 2.66  932 6.08 6.03 
651 5.59 4.03  933 5.00 0.49 
652 9.30 1.98  934 5.16 0.86 
657 5.84 4.17  935 10.89 2.09 
662 6.34 1.69  936 8.26 4.93 
664 5.02 2.70  937 6.01 2.11 
671 7.06 3.13  982 8.98 3.35 
672 5.73 1.14  984 13.68 5.53 
674 8.20 3.57  985 7.07 0.79 
676 12.37 5.66  986 5.23 0.53 
678 9.82 2.75  988 5.96 1.75 
679 18.77 10.45  992 7.18 2.30 
682 9.42 2.61  1027 7.92 2.15 
683 9.42 5.12  1041 12.25 2.31 
696 6.66 1.71  1043 9.91 0.30 
697 14.45 3.16  1044 14.97 1.89 
700 10.22 0.88  1046 6.47 1.54 
701 5.19 4.13  1047 14.00 13.20 
753 12.33 1.13  1050 6.60 1.12 
755 14.48 3.02  1089 4.90 2.80 
758 10.34 8.54  1092 2.61 2.20 
764 6.19 2.12  1094 4.91 4.21 
767 20.43 5.30  1100 5.40 6.26 
811 7.08 3.46  1101 8.23 4.72 
813 6.74 0.62  1146 3.63 1.54 
814 5.20 1.68  1147 5.98 1.70 
815 7.30 2.77  1148 4.07 1.94 
817 3.77 4.07  1149 3.55 2.87 
818 7.32 2.66  1150 9.20 1.93 
878 10.84 2.37  1154 7.24 2.14 




















1199 6.76 1.46  1508 8.65 2.61 
1200 1.90 1.22  1509 8.30 5.69 
1201 4.31 2.35  1510 6.02 2.24 
1202 7.05 2.03  1555 11.73 12.73 
1204 7.94 2.97  1557 8.56 3.62 
1206 4.98 1.27  1560 14.75 2.47 
1248 5.61 1.60  1561 4.41 1.59 
1249 6.95 3.40  1562 4.93 1.01 
1250 8.00 2.05  1564 3.27 0.65 
1251 5.91 1.85  1607 4.81 1.43 
1252 5.14 3.23  1608 6.20 2.23 
1253 5.86 1.17  1609 4.77 1.31 
1254 4.94 2.24  1610 5.86 2.67 
1297 8.96 6.04  1611 4.90 2.68 
1298 9.31 6.13  1614 4.70 0.62 
1299 4.66 1.31  1658 5.08 1.95 
1300 4.80 5.17  1661 4.70 3.22 
1302 5.78 1.79  1663 5.84 1.06 
1303 6.54 3.73  1665 7.63 3.04 
1305 4.18 1.89  1666 5.70 6.62 
1348 6.59 2.30  1668 8.55 1.82 
1350 11.21 2.42  1669 2.95 2.20 
1352 9.68 7.47  1716 4.95 2.92 
1353 6.20 4.80  1717 4.04 1.03 
1399 5.32 1.02  1721 4.03 2.75 
1401 5.87 3.29  1724 7.34 1.03 
1405 4.93 3.99  1725 4.06 3.44 
1407 9.72 2.03  1726 6.27 2.87 
1408 8.46 3.36  1727 6.23 1.56 
1453 7.95 3.13  1766 5.55 3.93 
1454 7.41 3.74  1767 5.27 1.38 
1455 8.84 2.42  1768 6.00 5.72 
1456 5.02 2.03  1769 5.50 4.75 
1457 3.46 2.51  1771 13.76 13.09 
1458 6.91 3.11  1773 5.13 2.68 
1504 7.84 0.86  1774 11.04 6.87 




















1818-2 7.22 2.20  2157 5.96 2.90 
1820 8.33 3.45  2198 7.92 3.05 
1821 6.32 2.07  2199 5.50 0.92 
1838 5.51 1.47  2203 6.73 3.04 
1865 7.32 2.57  2204 5.93 1.94 
1875 7.07 5.11  2205-1 3.12 0.90 
1876 10.40 3.76  2205-2 16.49 9.75 
1877 10.17 2.98  2245 6.82 4.00 
1879 12.52 1.23  2246 11.24 3.48 
1884 7.23 4.00  2247 5.74 3.38 
1930 5.09 3.91  2248 3.46 2.55 
1931 4.05 3.28  2250 10.48 11.33 
1935 6.24 0.40  2251 14.33 6.96 
1937 6.40 2.49  2306 6.67 2.67 
1938 5.65 5.90  2307 9.08 2.28 
1984 8.44 1.74  2309 8.89 2.50 
1986 5.56 1.24  2311 6.79 3.76 
1989 5.91 1.81  2312 6.20 3.27 
1991 7.43 3.15  2313 6.38 2.22 
1992 6.64 1.81  2354 0.41 0.44 
2034 7.43 11.33  2358 9.32 2.32 
2037 8.40 1.95  2359 5.55 5.30 
2038 9.68 3.92  2360 10.14 4.14 
2039 7.64 3.36  2362 10.87 7.01 
2040 7.24 3.95  2363 6.59 1.63 
2041 5.33 3.24  2364 12.03 0.93 
2088-2 9.14 2.39  2404 4.13 1.87 
2089 3.85 2.64  2409 6.94 2.36 
2091 8.84 2.60  2410 6.87 1.59 
2093 11.71 2.56  2457 7.15 2.83 
2094 8.19 2.10  2461 4.43 3.64 
2095 9.05 2.22  2462 5.94 6.03 
2097 6.95 1.92  2463 14.67 12.81 
2142 8.55 1.01  2464 7.98 2.22 
2147 5.05 3.40  2465 5.23 2.18 
2149 3.59 2.50  2513 3.29 2.71 




















2517 6.16 2.36  2850 8.82 0.92 
2518 9.49 3.77  2852 5.23 4.38 
2570 12.54 5.31  2853 6.00 4.33 
2571 3.39 3.68  2854 7.86 1.58 
2572 4.79 1.68  2855 7.09 0.87 
2573 10.82 1.35  2856 3.86 1.40 
2574 3.94 0.96  2857 7.39 3.79 
2575 7.61 0.05  2858 8.51 4.03 
2576 7.82 3.78  2899 10.30 5.18 
2616 6.47 4.01  2900 5.03 1.57 
2617 7.54 3.62  2901 4.48 1.70 
2619 4.57 1.56  2902 9.27 2.44 
2620 11.63 4.77  2903 5.92 2.75 
2622 8.96 2.57  2904 4.62 2.26 
2660 3.97 5.48  2906 6.08 0.83 
2661 4.57 1.95  2927 5.18 3.26 
2662 6.26 0.36  2949 8.38 4.93 
2663 4.50 1.50  2950 4.53 3.36 
2665 7.47 0.10  2952 6.49 5.26 
2666 6.70 1.65  2954 9.29 0.94 
2711 3.85 1.72  2955 4.48 2.21 
2712 3.06 1.61  2956 8.60 4.41 
2713 6.39 4.08  3003 6.81 1.42 
2714 6.55 3.72  3004 5.47 4.18 
2715 5.07 0.91  3005 4.51 3.30 
2716 4.21 1.30  3007 10.50 3.86 
2756 7.40 6.20  3008 9.86 1.52 
2757 8.94 1.19  3010 11.95 2.75 
2759 8.16 2.77  3011 4.71 1.63 
2761 1.98 1.69  3042 4.57 2.09 
2805 5.85 4.36  3053 10.55 2.54 
2806 7.18 0.72  3054 7.85 2.45 
2807 9.73 5.36  3057 7.02 1.96 
2808 6.52 3.88  3058 7.70 5.46 
2809 7.31 0.51  3092 6.46 2.92 
2810 0.98 1.23  3105 2.83 1.67 




















3110 7.10 2.70  3468 9.52 8.68 
3112 2.66 0.24  3469 6.36 3.47 
3115 4.31 1.97  3470 8.20 5.44 
3155 4.63 5.10  3472 13.54 4.06 
3157 6.79 7.71  3512 2.82 0.49 
3158 4.37 6.01  3514 4.12 1.95 
3160 7.32 0.44  3515 5.68 0.98 
3161 7.39 4.33  3516 8.06 1.48 
3162 2.48 0.25  3517 5.78 5.72 
3213 2.68 2.66  3519 4.00 1.15 
3217 4.92 3.35  3520 3.80 1.93 
3218 8.20 9.15  3563 7.42 5.14 
3220 4.38 2.02  3564 2.86 1.88 
3221 3.94 0.62  3565 5.76 2.00 
3222 3.16 3.36  3567 8.24 5.31 
3224 9.24 4.11  3568 10.63 6.95 
3262 6.91 5.64  3609 9.33 2.95 
3267 8.00 1.89  3610 3.07 0.87 
3268 5.54 2.01  3611 2.58 2.23 
3269 5.75 0.83  3612 6.71 5.14 
3308 7.41 5.37  3657 6.07 1.53 
3310 3.02 0.51  3658 5.61 1.72 
3311 3.68 0.01  3659 2.72 2.32 
3312 6.85 3.91  3661 6.65 1.81 
3315 8.37 4.65  3662 5.73 4.03 
3318 6.14 4.05  3663 3.81 1.27 
3362 7.11 0.59  3707 7.21 6.23 
3363 6.86 1.80  3708 7.18 5.47 
3364 7.74 5.04  3709 3.61 4.33 
3366 3.96 1.71  3710 12.51 3.11 
3368 8.23 2.15  3711 8.29 3.99 
3412 6.10 3.62  3712 5.06 4.11 
3414 5.83 3.30  3715 6.27 2.07 
3415 3.42 0.42  3760 7.22 2.63 
3419 4.83 2.41  3761 4.36 1.99 
3434 5.79 2.65  3762 9.51 4.05 




















3764 8.44 2.39  4062 11.41 4.16 
3765 4.78 4.80  4063 9.58 7.57 
3766 12.25 3.04  4105 7.78 5.49 
3808 8.34 5.53  4106 3.47 2.13 
3809 6.00 1.64  4107 4.43 2.90 
3810 3.45 2.63  4108 6.46 4.74 
3812 5.40 2.49  4110 5.71 2.46 
3813 6.86 3.36  4112 4.20 2.31 
3814 12.30 1.48  4155 6.98 3.22 
3815 6.15 3.23  4156 9.80 3.44 
3857 7.64 2.24  4158 6.26 3.48 
3859 6.57 1.61  4159 6.98 3.14 
3860 11.34 2.04  4161 5.54 3.65 
3862 11.15 3.77  4211 6.23 2.69 
3863 4.95 2.58  4212 4.77 3.10 
3864 4.23 1.94  4213 4.36 1.38 
3911 8.61 2.94  4214 7.56 2.41 
3914 7.17 5.95  4258 3.07 2.19 
3915 7.98 3.76  4259-2 5.79 1.36 
3916 5.41 0.12  4260 6.75 2.85 
3959 9.54 4.09  4261 8.49 2.96 
3960 5.82 4.36  4263 5.21 3.59 
3962 2.77 3.71  4264 5.31 1.47 
3963 8.49 4.64  4268-2 5.08 4.10 
3964 8.51 1.09  4307 9.69 2.15 
3966 6.15 1.72  4308 5.96 2.06 
4012 3.18 2.10  4309 10.41 3.81 
4013 7.55 6.50  4310 11.89 8.73 
4014 2.93 1.90  4311 9.13 4.16 
4015 5.51 4.78  4312 3.69 2.76 
4016 3.89 3.28  4361 6.36 0.68 
4017 7.50 2.62  4364 4.19 1.77 
4057 6.11 5.34  4365 9.45 5.59 
4058 6.23 3.15  4366 7.93 6.02 
4059 6.28 2.82  4367 4.50 2.01 
4060 10.31 2.07  4404 5.80 2.24 




















4406 2.76 1.27  4615 3.87 0.00 
4409 5.60 4.46  4644 9.23 6.38 
4410 4.06 2.38  4645 7.74 2.71 
4411 8.25 3.39  4647 5.94 0.34 
4414 4.76 3.30  4648 7.67 4.46 
4459 10.65 3.55  4649 6.77 5.49 
4460 9.07 4.70  4651 7.93 2.05 
4461 11.39 3.02  4688 6.11 2.29 
4463 4.22 0.21  4689 5.39 4.77 
4465 5.29 2.19  4690 6.43 2.88 
4508 4.41 0.97  4691 10.24 0.42 
4509 4.77 1.13  4692 3.27 0.12 
4510 4.47 1.39  4694 10.01 1.05 
4511 4.51 3.65  4768 4.44 2.09 
4512 5.83 0.90  4791 7.33 2.39 
4549 6.60 0.31  4848 7.62 4.27 
4557 5.78 0.96  4967 8.30 6.24 
4558 5.23 2.43  5095 3.92 4.83 
4559 7.63 4.85  5115 6.78 4.28 
4602 4.67 0.70  5159 7.09 7.39 
4603 5.01 0.87  5181 4.60 2.02 
4605 4.85 2.64  5199 5.54 1.32 
4606 9.99 3.89  5398 5.24 1.95 
4607 7.17 1.72  5588 9.17 2.92 








Appendix B Narrowed List of SNP Mutations for SbEMS1613 
Gene Notes 
Sobic.001G123600.1 Nucleotide-sugar transporter family protein 
Sobic.001G132500.1 unknown 
Sobic.001G138800.1 Glycine and cysteine rich family protein precursor 
Sobic.001G150000.1 unknown 
Sobic.001G193100.1 Tetratricopeptide repeat (TPR)-like superfamily 
Sobic.001G206100.1 Sister chromatid cohesion protein  
Sobic.001G206100.2 Sister chromatid cohesion protein 
Sobic.001G229400.1 unknown 
Sobic.001G232000.1 glycine-rich cell wall structural protein 2 precursor 
Sobic.001G287200.1 unknown 
Sobic.001G343800.1 unknown 
Sobic.001G348900.1 similar to serine carboxypeptidase 1 
Sobic.001G384700.1 RNA-binding zinc finger protein 
Sobic.001G384700.2 RNA-binding zinc finger protein 
Sobic.001G427400.1 similar to ATPase 
Sobic.001G438100.1 
similar to Senescence-associated protein 15;3-ketoacyl-
CoA synthase 1 
Sobic.001G537700.1 similar to DEAD-box ATP-dependent RNA helicase  
Sobic.002G033400.1 
similar to Ferredoxin--NADP reductase, embryo isozyme, 
chloroplast precursor 
Sobic.002G070300.1 exocyst complex component 84B 
Sobic.002G088300.1 NB-ARC domain-containing disease resistance protein 
Sobic.002G088700.1 similar to Organic solute transporter-like 
Sobic.002G297000.1 
similar to Molybdenum cofactor sulfurase-like protein 1; 
mitochondrial precursor 
Sobic.002G309600.1 DNA-binding protein;RNA helicase 
Sobic.002G309600.2 DNA-binding protein;RNA helicase 
Sobic.002G312400.1 unknown 
Sobic.002G332200.1 proteasome inhibitor subunit 1 
Sobic.002G343500.1 calcium/calmodulin depedent protein kinases 
Sobic.002G359800.1 
GRAS family transcription factor domain containing 
protein 
Sobic.002G362200.1 similar to DNA mismatch repair protein MSH2 
Sobic.002G424600.1 











similar to Alpha-L-arabinofuranosidase C-terminus family 
protein 
Sobic.003G010600.1 
NAD(P)-binding Rossmann-fold superfamily protein; 
oxidoreductase 
Sobic.003G200000.1 Respiratory burst NADPH oxidase-outside of cells 
Sobic.003G252100.1 Homeodomain-like transcriptional regulator 
Sobic.003G266100.1 HEAT repeat-containing protein 
Sobic.003G369600.1 CorA-like magnesium transporter protein 
Sobic.003G370900.1 unknown 
Sobic.003G370900.2 unknown 




Sobic.004G188100.1 Myosin heavy chain-related protein 
Sobic.004G188100.2 Myosin heavy chain-related protein 
Sobic.004G225300.1 e2f-associated phosphoprotein 
Sobic.004G244600.1 ENDO-1,4-BETA-GLUCANASE 
Sobic.004G257000.1 Endomembrane protein 70 protein family 
Sobic.004G287600.1 tetracycline transporter protein 
Sobic.005G200900.1 sister-chromatid cohesion protein 3 
Sobic.006G000900.1 formin-like protein 3 precursor 
Sobic.006G139600.1 unknown 
Sobic.006G236700.1 
ATP binding cassette subfamily B19; multidrug resistance 
protein 
Sobic.006G281200.1 unknown 
Sobic.007G160400.1 ZF-HD homeobox protein 
Sobic.008G001800.1 PLAC8 family ; SAG20 
Sobic.008G001800.2 PLAC8 family ; SAG20 
Sobic.008G091800.1 unknown 
Sobic.008G112600.1 similar to Guanylate kinase 
Sobic.008G112600.2 similar to Guanylate kinase 
Sobic.008G164400.1 12-oxophytodienoate reductase;jasmonic acid pathway 
Sobic.008G164400.2 NADH OXIDOREDUCTASE-RELATED-mitrochondria  
Sobic.009G060100.1 tryptophan aminotransferase;alliin lyase precursor 
Sobic.009G060100.2 tryptophan aminotransferase;alliin lyase precursor 
Sobic.009G113200.1 











Sobic.010G054400.1 Leucine-rich repeat protein kinase family protein 
Sobic.010G056200.1 similar to Putative GAMYB-binding protein 
Sobic.010G072800.1 
EXPORTIN 7-RELATED / RAN BINDING PROTEIN-nuclear 
transport 
Sobic.010G139100.1 serine/threonine-protein kinase 
Sobic.010G236300.1 similar to Auxin response factor 18 
Sobic.010G254600.1 










Appendix C Single Kernel Analysis Results 




1 60 17.7 2.0 
EMS 
2 61 17.6 2.0 
P721Q  
GH 2015 
1 39 24.6 2.3 
Control 
2 37 24.5 2.3 
1053 
1 56 23.0 2.2 Most 
Digestible 2 56 25.5 2.2 
1052 
1 13 23.0 2.2 Most 
Digestible 2 15 22.7 2.2 
1037 
1 19 17.0 1.9 Most 
Digestible 2 52 25.5 2.5 
1035 
1 46 20.1 2.1 Most 
Digestible 2 55 21.7 2.2 
1023 
1 22 21.9 2.2 Most 
Digestible 2 28 20.6 2.2 
1008 
1 22 19.4 2.0 Most 
Digestible 2 21 21.7 2.1 
1001 
1 16 20.6 2.0 Most 
Digestible 2 17 20.8 2.1 
990 
1 20 21.4 2.1 Most 
Digestible 2 21 19.6 2.1 
986 
1 9 20.7 2.1 Most 
Digestible 2 11 19.9 2.0 
984 
1 8 21.0 2.1 Most 
Digestible 2 11 20.2 2.0 
967 
1 41 25.0 2.3 Most 
Digestible 2 45 26.9 2.4 
944 
1 50 29.9 2.3 Most 
Digestible 2 45 27.8 2.3 
941 
1 65 25.7 2.3 Most 
Digestible 2 60 25.4 2.3 
936 
1 46 24.8 2.2 Most 
Digestible 2 47 23.7 2.2 
928 
1 12 19.0 2.0 Most 
Digestible 2 11 18.6 2.0 
922 
1 21 21.6 2.1 Most 
Digestible 2 15 22.6 2.1 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
920 
1 16 19.4 2.1 Most 
Digestible 2 17 21.5 2.2 
914 
1 18 20.9 2.1 Most 
Digestible 2 14 20.7 2.1 
912 
1 8 24.8 2.2 Most 
Digestible 2 9 24.1 2.3 
907 
1 15 23.1 2.1 Most 
Digestible 2 14 21.7 2.1 
899 
1 9 23.8 2.2 Most 
Digestible 2 12 25.6 2.3 
896 
1 10 21.4 2.1 Most 
Digestible 2 8 21.9 2.2 
891 
1 52 28.7 2.3 Most 
Digestible 2 54 29.2 2.3 
889 
1 20 22.9 2.2 Most 
Digestible 2 25 23.0 2.2 
868 
1 62 26.4 2.3 Most 
Digestible 2 64 26.1 2.3 
852 
1 16 22.1 2.1 Most 
Digestible 2 17 22.5 2.1 
821 
1 13 22.4 2.1 Most 
Digestible 2 8 20.8 2.1 
816 
1 9 23.6 2.1 Most 
Digestible 2 11 21.9 2.1 
812 
1 0 25.5 2.2 Most 
Digestible 2 -1 25.3 2.2 
807 
1 38 23.8 2.2 Most 
Digestible 2 53 24.1 2.2 
776 
1 20 23.6 2.1 Most 
Digestible 2 15 24.2 2.1 
775 
1 10 23.3 2.1 Most 
Digestible 2 13 21.2 2.1 
769 
1 21 27.4 2.3 Most 
Digestible 2 24 27.5 2.3 
760 
1 25 24.2 2.1 Most 
Digestible 2 22 21.5 2.1 
737 
1 18 23.7 2.2 Most 
Digestible 2 17 24.6 2.2 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
711 
1 60 28.3 2.3 Most 
Digestible 2 58 28.4 2.3 
703 
1 11 24.1 2.2 Most 
Digestible 2 10 25.2 2.2 
687 
1 56 24.1 2.1 Most 
Digestible 2 58 23.6 2.2 
666 
1 24 23.3 2.1 Most 
Digestible 2 17 25.8 2.2 
663 
1 12 25.1 2.2 Most 
Digestible 2 12 26.5 2.3 
617 
1 4 22.0 2.1 Most 
Digestible 2 5 23.0 2.2 
613 
1 6 23.1 2.2 Most 
Digestible 2 8 23.6 2.2 
590 
1 21 25.1 2.2 Most 
Digestible 2 21 26.3 2.3 
570 
1 13 23.6 2.2 Most 
Digestible 2 16 24.5 2.2 
536 
1 36 23.9 2.2 Most 
Digestible 2 37 24.7 2.2 
525 
1 21 21.4 2.1 Most 
Digestible 2 19 20.6 2.1 
523 
1 17 22.4 2.2 Most 
Digestible 2 19 22.2 2.1 
497 
1 21 25.4 2.2 Most 
Digestible 2 22 24.7 2.2 
488 
1 11 24.5 2.2 Most 
Digestible 2 14 24.5 2.2 
460 
1 15 25.2 2.2 Most 
Digestible 2 18 24.4 2.2 
451 
1 8 25.9 2.3 Most 
Digestible 2 11 25.8 2.3 
446 
1 43 25.7 2.3 Most 
Digestible 2 40 23.7 2.3 
392 
1 13 24.3 2.2 Most 
Digestible 2 16 23.6 2.2 
361 
1 27 23.7 2.2 Most 
Digestible 2 20 22.8 2.1 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
356 
1 17 23.4 2.2 Most 
Digestible 2 12 21.8 2.1 
332 
1 33 21.0 2.0 Most 
Digestible 2 25 20.4 2.0 
331 
1 21 27.2 2.3 Most 
Digestible 2 22 27.9 2.3 
307 
1 18 25.3 2.2 Most 
Digestible 2 16 26.9 2.3 
298 
1 12 25.1 2.3 Most 
Digestible 2 12 25.9 2.3 
284 
1 41 31.6 2.4 Most 
Digestible 2 43 32.0 2.4 
283 
1 20 24.6 2.2 Most 
Digestible 2 14 24.7 2.2 
268 
1 29 26.4 2.3 Most 
Digestible 2 26 25.9 2.3 
260 
1 45 27.5 2.4 Most 
Digestible 2 43 27.4 2.3 
258 
1 16 24.3 2.2 Most 
Digestible 2 13 23.5 2.2 
249 
1 16 22.2 2.1 Most 
Digestible 2 14 24.4 2.2 
243 
1 25 21.1 2.0 Most 
Digestible 2 24 21.9 2.1 
229 
1 7 21.7 2.2 Most 
Digestible 2 6 22.4 2.2 
223 
1 64 25.5 2.2 Most 
Digestible 2 57 24.7 2.2 
205 
1 4 23.4 2.2 Most 
Digestible 2 12 20.4 2.2 
196 
1 40 29.5 2.4 Most 
Digestible 2 48 31.1 2.5 
192 
1 24 23.2 2.1 Most 
Digestible 2 16 23.8 2.1 
190 
1 51 25.0 2.2 Most 
Digestible 2 48 24.4 2.2 
186 
1 15 20.2 2.1 Most 
Digestible 2 11 20.4 2.1 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
178 
1 36 28.4 2.4 Most 
Digestible 2 34 28.0 2.4 
176 
1 13 25.1 2.2 Most 
Digestible 2 5 25.3 2.3 
161 
1 32 16.8 1.9 Most 
Digestible 2 31 16.1 1.9 
160 
1 17 25.2 2.2 Most 
Digestible 2 18 25.8 2.2 
152 
1 8 24.4 2.2 Most 
Digestible 2 10 24.0 2.2 
143 
1 31 24.2 2.2 Most 
Digestible 2 37 24.2 2.3 
137 
1 18 21.0 2.1 Most 
Digestible 2 18 21.6 2.1 
136 
1 14 24.9 2.2 Most 
Digestible 2 12 24.5 2.2 
133 
1 12 23.6 2.1 Most 
Digestible 2 14 20.8 2.1 
128 
1 16 22.7 2.2 Most 
Digestible 2 18 22.6 2.2 
127 
1 54 25.3 2.3 Most 
Digestible 2 51 25.3 2.2 
116 
1 8 20.8 2.1 Most 
Digestible 2 14 20.2 2.1 
114 
1 31 24.7 2.2 Most 
Digestible 2 27 24.3 2.2 
113 
1 58 28.0 2.4 Most 
Digestible 2 53 28.1 2.4 
111 
1 23 22.3 2.1 Most 
Digestible 2 20 22.4 2.1 
100 
1 9 23.2 2.1 Most 
Digestible 2 11 22.4 2.1 
91 
1 62 28.8 2.3 Most 
Digestible 2 54 29.4 2.4 
89 
1 15 22.2 2.1 Most 
Digestible 2 13 22.9 2.1 
72 
1 20 21.9 2.1 Most 
Digestible 2 21 20.6 2.1 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
53 
1 36 18.5 2.0 Most 
Digestible 2 35 19.1 2.0 
35 
1 45 24.3 2.2 Most 
Digestible 2 47 24.1 2.2 
31 
1 37 28.1 2.3 Most 
Digestible 2 36 27.6 2.3 
25 
1 11 26.0 2.3 Most 
Digestible 2 14 25.6 2.3 
22 
1 48 28.7 2.3 Most 
Digestible 2 43 29.4 2.4 
7 
1 20 24.7 2.2 Most 
Digestible 2 24 25.9 2.3 
BTx623     
GH 2015 
1 90 27.5 2.5 
Control 
2 85 26.0 2.5 
1051 
1 71 18.4 1.9 Least 
Digestible 2 73 18.5 1.9 
1028 
1 92 20.1 2.0 Least 
Digestible 2 91 20.1 2.0 
1024 
1 77 22.2 2.1 Least 
Digestible 2 85 21.1 2.1 
1021 
1 67 17.4 1.8 Least 
Digestible 2 73 17.2 1.9 
1018 
1 90 20.6 2.1 Least 
Digestible 2 90 22.3 2.2 
1015 
1 86 24.9 2.2 Least 
Digestible 2 84 26.7 2.3 
1003 
1 86 22.0 2.2 Least 
Digestible 2 86 21.5 2.2 
1002 
1 90 16.6 2.0 Least 
Digestible 2 93 16.2 2.0 
995 
1 82 21.7 2.2 Least 
Digestible 2 78 21.6 2.2 
988 
1 50 25.0 2.2 Least 
Digestible 2 50 26.5 2.2 
970 
1 86 20.7 2.1 Least 
Digestible 2 83 21.2 2.2 
955 
1 73 27.4 2.4 Least 
Digestible 2 71 26.0 2.3 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
947 
1 14 22.7 2.1 Least 
Digestible 2 19 21.3 2.1 
940 
1 73 27.6 2.4 Least 
Digestible 2 68 26.6 2.4 
937 
1 39 19.1 2.0 Least 
Digestible 2 54 18.4 2.0 
934 
1 85 20.8 2.2 Least 
Digestible 2 81 18.4 2.1 
931 
1 72 23.8 2.2 Least 
Digestible 2 69 25.2 2.2 
917 
1 72 27.4 2.4 Least 
Digestible 2 76 28.2 2.3 
911 
1 46 19.7 2.1 Least 
Digestible 2 45 18.6 2.1 
902 
1 73 19.4 2.0 Least 
Digestible 2 78 18.0 2.0 
895 
1 54 23.1 2.2 Least 
Digestible 2 53 24.7 2.2 
892 
1 49 21.1 2.0 Least 
Digestible 2 41 23.4 2.1 
877 
1 77 26.0 2.3 Least 
Digestible 2 75 25.8 2.3 
857 
1 80 28.8 2.4 Least 
Digestible 2 79 29.1 2.4 
834 
1 79 28.7 2.5 Least 
Digestible 2 74 29.6 2.6 
833 
1 67 19.1 2.1 Least 
Digestible 2 62 20.1 2.1 
825 
1 74 19.8 2.0 Least 
Digestible 2 75 20.3 2.1 
818 
1 50 29.4 2.4 Least 
Digestible 2 46 29.7 2.4 
806 
1 74 29.3 2.4 Least 
Digestible 2 74 31.2 2.5 
790 
1 86 20.9 2.1 Least 
Digestible 2 90 21.3 2.1 
788 
1 65 26.3 2.3 Least 
Digestible 2 61 25.7 2.3 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
787 
1 53 26.1 2.3 Least 
Digestible 2 44 25.8 2.3 
774 
1 79 19.9 2.0 Least 
Digestible 2 79 19.4 2.0 
755 
1 65 23.4 2.2 Least 
Digestible 2 67 24.7 2.3 
739 
1 71 22.7 2.1 Least 
Digestible 2 66 22.8 2.2 
736 
1 56 24.5 2.1 Least 
Digestible 2 61 24.9 2.1 
734 
1 70 28.4 2.4 Least 
Digestible 2 69 29.1 2.5 
729 
1 79 27.1 2.2 Least 
Digestible 2 78 26.0 2.2 
727 
1 77 17.9 2.0 Least 
Digestible 2 73 18.1 2.0 
726 
1 42 25.2 2.3 Least 
Digestible 2 55 26.1 2.3 
715 
1 58 24.5 2.3 Least 
Digestible 2 46 26.0 2.3 
701 
1 72 30.3 2.4 Least 
Digestible 2 71 31.3 2.4 
677 
1 72 27.6 2.5 Least 
Digestible 2 76 26.5 2.4 
659 
1 74 33.0 2.6 Least 
Digestible 2 70 35.3 2.6 
641 
1 75 29.2 2.3 Least 
Digestible 2 76 29.6 2.3 
636 
1 71 25.5 2.3 Least 
Digestible 2 70 26.4 2.3 
634 
1 74 26.6 2.3 Least 
Digestible 2 75 26.3 2.3 
610 
1 56 26.4 2.3 Least 
Digestible 2 58 25.2 2.3 
609 
1 76 31.2 2.5 Least 
Digestible 2 73 33.0 2.5 
601 
1 70 31.0 2.4 Least 
Digestible 2 72 28.7 2.3 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
585 
1 57 22.1 2.2 Least 
Digestible 2 62 23.5 2.2 
579 
1 69 32.1 2.5 Least 
Digestible 2 69 32.3 2.5 
575 
1 54 23.3 2.1 Least 
Digestible 2 47 24.2 2.2 
565 
1 64 29.4 2.4 Least 
Digestible 2 63 29.6 2.4 
563 
1 79 22.3 2.1 Least 
Digestible 2 83 23.1 2.2 
521 
1 64 20.8 2.1 Least 
Digestible 2 67 19.5 2.1 
517 
1 53 22.3 2.1 Least 
Digestible 2 60 22.6 2.2 
513 
1 60 25.1 2.2 Least 
Digestible 2 51 25.7 2.2 
512 
1 73 26.2 2.3 Least 
Digestible 2 71 25.9 2.3 
511 
1 71 30.8 2.5 Least 
Digestible 2 74 29.6 2.5 
510 
1 75 27.5 2.3 Least 
Digestible 2 79 28.8 2.4 
467 
1 63 30.6 2.5 Least 
Digestible 2 66 30.7 2.5 
450 
1 75 27.0 2.3 Least 
Digestible 2 71 27.4 2.4 
431 
1 61 23.9 2.1 Least 
Digestible 2 56 24.7 2.2 
416 
1 71 30.6 2.3 Least 
Digestible 2 72 32.6 2.4 
395 
1 47 25.4 2.2 Least 
Digestible 2 45 23.2 2.1 
363 
1 67 25.8 2.2 Least 
Digestible 2 71 26.8 2.3 
347 
1 88 25.8 2.3 Least 
Digestible 2 88 26.5 2.3 
341 
1 71 27.6 2.4 Least 
Digestible 2 68 28.0 2.5 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
277 
1 67 25.7 2.3 Least 
Digestible 2 67 28.2 2.4 
271 
1 49 23.9 2.3 Least 
Digestible 2 54 23.9 2.4 
269 
1 75 30.6 2.5 Least 
Digestible 2 78 28.9 2.6 
264 
1 71 33.9 2.6 Least 
Digestible 2 70 32.4 2.6 
256 
1 88 20.0 2.0 Least 
Digestible 2 89 21.7 2.1 
246 
1 65 27.4 2.3 Least 
Digestible 2 67 29.7 2.4 
235 
1 79 17.5 1.9 Least 
Digestible 2 70 19.6 2.0 
221 
1 75 24.7 2.3 Least 
Digestible 2 76 24.5 2.2 
209 
1 64 19.1 2.0 Least 
Digestible 2 58 19.0 1.9 
193 
1 53 24.9 2.2 Least 
Digestible 2 56 24.1 2.2 
191 
1 71 24.6 2.3 Least 
Digestible 2 72 26.2 2.3 
165 
1 90 18.9 2.1 Least 
Digestible 2 89 17.9 2.0 
158 
1 75 27.3 2.3 Least 
Digestible 2 77 25.8 2.2 
154 
1 84 29.9 2.5 Least 
Digestible 2 82 29.3 2.5 
150 
1 64 26.9 2.5 Least 
Digestible 2 53 26.5 2.4 
141 
1 71 24.5 2.3 Least 
Digestible 2 66 24.2 2.2 
132 
1 66 30.6 2.3 Least 
Digestible 2 65 29.5 2.3 
129 
1 59 26.8 2.3 Least 
Digestible 2 59 27.3 2.3 
105 
1 48 20.3 2.2 Least 
Digestible 2 37 21.3 2.2 







Sample ID Rep Hardness   Weight (mg) Diameter (mm) Category 
103 
1 75 28.3 2.4 Least 
Digestible 2 74 29.8 2.5 
101 
1 54 28.5 2.3 Least 
Digestible 2 54 27.7 2.2 
87 
1 49 28.4 2.3 Least 
Digestible 2 49 28.7 2.3 
84 
1 77 23.9 2.2 Least 
Digestible 2 77 23.3 2.2 
78 
1 85 25.7 2.3 Least 
Digestible 2 78 25.3 2.2 
60 
1 50 27.1 2.3 Least 
Digestible 2 51 27.8 2.4 
51 
1 74 26.2 2.3 Least 
Digestible 2 71 28.4 2.3 
45 
1 79 28.1 2.4 Least 
Digestible 2 78 27.9 2.4 
30 
1 75 22.6 2.1 Least 
Digestible 2 74 23.4 2.2 
1 
1 90 23.0 2.2 Least 




1 76 27.3 2.5 
Control 




1 14 25.9 2.3 
Control 




1 71 36.2 2.7 
Control 




1 48 18.1 2.0 
EMS 
2 54 17.8 2.1 
 
 
